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1.0 INTRODUCTION

The problem of atmospheric transmission of infrared and visible radi-
ation is of considerable interest from both a purely scientific and a practical

point of view. The study of radiative transfer in an atmosphere involves a
large number of physical and chemical effects and their proper theoretical

creatment requires an increasing degree of mathematical sophistication. The
vast amount of physical data necessary for a detailed description is typified

by the AFGL line atlas which forms the core of the AFGL HITRAN Research Pro-

gram~1 ]. Uses of this data include laboratory studies ol absorption, computing

data for comparison or design of field observations of the atmosphere as well

as such applications as the design of remote sensing or laser communication

systems.

In the design and simulation of such systems, the atmospheric trans-
mission in a given wave number interval can be a crucial consideration. For

systems with relatively coarse spectral resolution, the detailed spectral

structure of the absorption is not required. rhus, for such systems a high
resolution technique for study and simulation may not be necessary and one

may profitably use lower resolution codes such as the AFGL LOWTRAN Program[2,

but even in applied work a high degree of spectral resolution is increasingly

in demand.

A number of line-by-line calculational methods have been reported

which provide as detailed a spectral resolution as computationally possible.

Among these may be found the LBL Program which has come to be know as the

HITRAN Code[1 1 . This method uses the AFGL line atlas and convolves all lines

contributing to a given wave number to within a prescribed wave number range
using a Lorentz line shape profile. The large number of calculatiuns which

the LBL Program performs requires a large amount of computer time which makes

parametric studies as well as wide-band computations prohibitively expensive.

Thus this code tends to be used for very necessary high resolution work and

also as a tool to improve lower resolution models such as LOWTRAN.

With the growing demand for high resolution work, an effort was

undertaken at AFGL to improve the efficiency of line-by-line calculations.

Tne initial phase of this work resulted in the development of the HIRACC
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algorithm for the convolution of Lorentz line shapes within 48 half-widths

of a given wave ,iumber for a constant atmos-pheric temperature, density arid

composition. This extremely efficient algor-tW resulted in a decreased

running time of somewhat more than an order of magnitude as compared to the

corresponding pa;,ts of the LBL Code. The HIRACC algorithm has been fully
documented in an earlier report and we shall assume in the current report

that the reader is familiar with Reference [3].
At this point it would be helpful to the reader to summarize the main

features of the HIRACC algorithm which combine to give effectively an order

of magnitude decrease in computational time. The first step in the develop-
ment of HIRACC 4nvolved the decomposition of the line shape profile into three

sub-prof-ies with different spectral widths. The algorithm was developed for
a pure Lorentz line shape and the line shape profile was cut off beyond 48

half-widths from the line center. FASCODE (Fast Atmospheric Signature Code),
however, was designed to use a Voigt profile. In order to accomplish this it

was found conv.enient to extend the cut-off of the profiles to 64 half-widths.

This enabled the definition of only one new sub-profile, a Gaussian function

representing the Doppler contribution out to 4 half-widths. Note that beyond

this number of half-widths the Doppler broadening may be neglected. The Voigt

profile is then approximated by an appropriate combination of four functions.
Figures 1.1 and 1.2 illustrate the resulting decomposition.

This decomposition has the advantage that the rapid variation of the

profile near the line center can be represented properly by a specified sampl-

ing interval and the more slowly varying portion as one approaches the wings

of the line can be properly represented with a larger increment between the

points. In addition, the results of the four separate convolutions are not

put together until the contributions from all the lines in the region are
complete. An inte.rpolation scheme was developed to compute those values re-

quired bet,,een the numerical values. Details are given in Section 2.

Anothere important result of Reference [3] was the determination of

a criterion for the optimum sampling interval. A sampling interval which

gives results to - 0.1 percent was shown to be given by

Av n a/4i
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where a is the average half-width of a line over the region of interest. It

was also shown that the gain G obtained by the decomposition method over com-

puting the entire line shape at a given sampling interval is given by the

relation

G - NTOT mi1 NM (6x116xm (1.2)

In this expression, NTOT is the total number of half-widths over which the

profile is required, Nm is the number of half-widths spanned by the mth de-

composed function and (6x1/6xm) is the ratio of the sampling interval for the

first function to that required for the mth function. For the decomposition

utilized in this report, this yields a theoretical gain of 5 1/3.

We also point out another feature, namely that for a given spectral

interval (vI - v2) which contains N liwes, the same number of operations

per line are performed for the sampling interval chosen according to the

criterion. This implies that the convolution of a spectral absorptance for

a given spectral interval will always take the same amount of computational

time per line for high altitude layers where the lines are narrow as it does

for lower layers where the lines may be broadened considerably. This feature

is borne out by our results.

The HIRACC algorithm has been used to develop a multilayer transmis-

sion and radiance code which has been called FASCODE standing for Fast

Atmospheric Signature Code. In the course of producing this code the basic

HIRACC algorithm has been left intact, but several peripheral modifications

have been implemented. In order to provide the capability of calculating at

higher altitudes where the Lorentz profile is no longer appropriate, a Voigt

line shape version has been devel'oped with the additional feature that calcu-

lations are perfoimed out to 64 half-widths. One of the great advantages of

the HIRACC technique is tiat the line profile may be changed readily with only

a small change in running time. The Voigt line shape profile is described

in Section 2 of this report. We note in passing that purely Lorentz or purely

Doppler versions of FASCODE may easily be implemented for the user whose appli-

cation is in these domains. We emphasize, however, that no real penalty in

running time will be paid by a user who exercises the Voigt version in either

11



of these altitude domains.

As ientioned above, the HIRACC algorithun for absorption was developed
for a uniform atiospheric path (temperature, pressure anid absorber concentra-
tion). The application of this method to the real ataiiosphere was made by
approximating the real atmosphere by a series of layers with constant param-

eters in each layer. The results for each layer are then merged with the
absorption coefficient obtained up to that layer. The merging algorit1iis are

described in detail in Section 3 of this report*.

Assuming local thermodynamic equilibrium, the absorption of radiation
by a given vclume of gas implies the re-emission of an equal amount of energy.

Usinq this idea one may "invert" a transmission cal-ula.;ion to obtain the
radiance from the gas along the given path. This cype of calculation has been

provided as an option in FASCODE to enable the user to calculate the radiance

due to the atmsophere itself. For the user who has a boundary dt one end of
his path, a provision has been made to allow the user to add his own surface

radiance model. Currently this takes the form of a black body radiating at
a given temperature at the low end of a path starting in space and looking I
down. This could be easily modified if a different spectral radiance is re-
quired. This part of FASCODE is described in Section 4.

In Section 5, we present some avenues for future efforts and suimmarize
the status of this effort. A series of appendices gives an overview of the
FASCODE structure as well as complete documentation of the new routines in-
volved. One of these appendices provides a User's Manual for some sample

inputs and outputs.

'I
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2.0 LINE SHAPE - VOIGT PROFILE

To calculate spectral absorption contours fov the types of absorb-
ing paths encountered in the atmosphere, extensive consideration must be
given to the spectral line shape. For atmospheric paths at lower altitudes,

the spectral line shape within -5 cm- 1 of the line center is given satis-

factorily by the pressure broadened (Lorentz) shape. Beyond -5 cmI 1 it has

been showii that the shape is dependent on molecular type as has been dis-

cussed by Burch[ 4 ], Winters et al [5 and Clough et al[ 3 ]. At high altitudes

(low pressure) the line shape is due to thermal motion resulting in the
Doppler line profile. The a-.itude above which the Doppler shape is valid

is dependent on the wave numbec of the transition, the temperature and the

molecular species. Between the domains for which the Lorentz shape and the

Doppler shape are valid, the Voigt line shape must be utilized. Although
the Voigt profile was originally derived for the case where broadening was
due to natural bro3dening and thermal motion broadening, it is applicable

in the present situation, since the shape function is the same for natural

as for pressure broadening. This development uses an approximate method

for 'the Voigt profile that is sufficiently accurate for most atmospheric
problems and requires substantially reduced computer time compared to pre-

viously described methods.

The absorption coefficient for a pressure broadened line, AL(v),
as a function of the wa'te number value of the radiation field, v, the

transition wave number, vo, intensity S and half-width, aL, (half-width

at half maximum: HWHM) is given by the Lorentz function,

S _ LA LM( - --- (2.1)U L + (v - (.)1

The pressure broadened half-width, a, is a function of the absorbing and

broadening molecule types and the vibratibnal-rotational states involved

in the transition. The theory that has proven useful for calculating

pressure broadened half-widths is due to Anderson[ 61 , as implemented by

Tsao and Curnutte[7]. The variation of the half-width with temperature

13



and pressure is given by the relationship

*L (P4T)-a. (Pot To)(•1'•

The half-widths on the AFGL line compilation are for P I atm, T 2961K
and are typically of the order of 0.08 cm latn. The simplest theoretical
result for the temperature dependence of t,.3 half-width gives XT •0,5,
Recent calculations and experiments indicate that a higher value of X is

T

more appropriate, 0.75 (Benedict) 181 . The absorption coefficient for
a line broadened by thermal motion is given by the Gaussian function in
terms of the Doppler width, o0, (HWtH4q) as

A0N)mQti" *p (P.3)v~)2

where

c

For the half-width, o. to be given in cm" 1 at temperature T(OK). c is the
velocity of light in cm/sec, k is the Boltsnann factor in eorg/deg, No is
Avogadro's number, and M is the molecular weight of the molecule type in
gr.

Both functions have beon defined such that the functional value at
one half-width from the line center is one-half the function value at the
line center, that is

A (v +

It is also Important that the integral of both functions yields the line

strength, that is

14



is

S of A (v) dv (2.6)

For the purposes of this development, and in order to utilize the
algorithm developed by Clough et ai131, it will be useful to define a di-
mensionless argument for the line profiles,

z z - (2.7)

so that the Lorentz profile is given by

= 1 S 1 v-vo

AL (z) w zL z withFz - 0 (2.8)

and the Doppler profile is given by

(z) 1/f -Y 21 V -VO
AD (z) . - exp (In2) z with z (- (2.9)DV'T TD D.

The integral and half-width properties take on the following form

S - A (z) adz (2.10)

and

Several excellent programs have been written to calculate the Voigt
line profile which may be regarded as the convolution of the Lorentz function

15



with the Gaussian function (J.H. Pierluissi, P.C. Vanderwood and R.B.

Gomez[ 91 ; S.R. Draysont 1 O) and B.H. Armstrongl[1l). For the application
of performing line-by-line calculations for a multi-layered atmosphere

involving large numbers of spectral lines, these methods require a pro-

hibitive amount of computational time and provide more accuracy than is

generally required for such problems. Approximatirns for the computation

of the Voigt profile have been suggested by Whiting[ 1 21 and Kielkopf 1121 .

The method described in the latter two papers involves approximating the

Voigt function by a weighted sum of the Doppler and Lorentz functions. It

is an extension of this approach that we have utilized in this development.

The startingpoint for our approximation to the Voigt function is
the definition of a Voigt parameter that is simply calcuiable and is well

behaved in the Lorentz and Doppler limits. For a spectral transition with

a Doppler width, aD and a Lorentz width, ax, we define a Voigt parameter,

c, where

L • D(2.12)
aL + 'D

In the Lorentz and Doppler limits respectively we have,

S0L << aD (Doppler Limit) (2.13)

and

C= 1 »>> lD (Lorentz Limit) (2.14)

The definition of a Voigt half-width, a. , is now required to proceed with

our program. This definition is made consistent with the definition of tLc

half-width for the Dcppler and Lorentz functions; it is the half-WAdt', at

half mnaximim of the Voigt function. An excellent approximation has been

given by Kielkopf in terms of the Lorentz and Doppler widths,

16



r~(-~ 2  21/2
% 7(1+ C) + [÷ O (2.15)

with E 0.0990 Mn2. I
!n order to utilize this expression in terms of ¢, it is necessary

to consider the determination of v in two domains of c:

*V V 0.0 < C: <0.5 (Doppler Regime) (2.16)

and

0.5 < • < 1.0 (Lorentz Regime) (2.17)

The quantities, aVD(C), and aVL(C), may be obtained from Equation (2.15)
in terms of C as

.1/221 2
avD(1"(+ ) + C . ) + Ci

ai

(2.18)
0. < i <0.5

and

aVL() + 1(2 + ( &

(2.19)
0.5 < • < i.0

The largest error in the deternination of the Voigt half-width using Equation

(2.15) is Z 0.02%. Values of aVD with 0.0 < c < 0.5 and for aVL({) with
0.5 < c < ?. using Equations (2.18) and (2.19) are determined for equally
spaced values of c separated by 0.005. Plots of aVD and aVL as a function

Sappear in Figure 2.1 and Figure 2.2 respectively. This error is not as great
as that incurred in using values of aVD ind aVL at discrete values of c for

17
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values of { intermediate to those tabulated. For most physical problems,
the errors involved in the present method of determining a., are less than
the errors in tne values of (xD and cL themselves. If it is desired to have
more accurate values of aVD and aVL' the Voigt program of Armstrong can be
utilized in an iterative procedure. In general, only one iteration is re-
quired to give a high degree of accuracy.

The Voigt function may now be approximated as a weighted sum of
Doppler and Lorentz functions of widtn, a,

Av(ý. 1v' Z) (1- Co,)) AD(% Z) + C(ý) AL (,v' Z) (2.20)

with Z = (v- vVv

This definition preserves the integral property 0--ired: that the integral
over Z gives back the line strength, S, since C(d) is independent of Z and
the two functions, AD and AL, are themselves normalized to the line strength.

Consider

AZ) d Z (1 -A~~

JAv(i•,v v, Z Z=( C(•))j~ A(,Z) cl dZ

'It+ C(d)f A. (%x, Z) av dZ,

+ C(C)J A1 (av~, Z) civ dZ,

and

1 - C()) S + C(W)S (2.22)

so that

-S (2.23)

The remaining problem is the determination of the weighting constant, C(C).
In References (121 and [13] analytic functions have been given for

20



the constant C(C) as a function of Voiqt parameter. The difficulty with

the pro Pdure outlined there is the 1Arge number of operotions re-uired to
attain C(d) from the analytic expressions given. The most straightforward

way to proceed is to determine the numerical function C(C) for the same 201
values of t used to determine the Voigt width. Rather than using the
analytic expressions given in References (12) and 11l3 a least squares
procedure has been used to determine C(t) by minimizing the weighted sum

of the deviations squared, a2 as obtained from Equation (2.201,

Av W] IC() [A 0v' Zi) " A D 0v zi)]

2(2.24)

All the quantities have been defined except the weighting function W1 and

the grid of points represented by Zt, Some experience indicated that the
weighting sdheme which presented the best compromise between error in the
central portion of the line profile and the line wing was obtained by set-

ting the weight to the inverse of the Voigt value, that is

wi l 1/AV(C., %, Z1) (2.25)

A more obvious choice would have weighted the deviations inversely as the
square of the Voigt value to maintain nearly constant percent error acrcq,

the line profile. It was deemed more important to maintain a smaller per-
cent error for the larger values' of the function near the center of the

line. The points were chosen at equally spaced intervals over three dif-
ferent domains for reasons that will be discussed later. The grid was

chosen as follows:

21



i - 1. 19 71 0, Z = 0.25, "6*'"*, Z 4.0

i - 20, 30 Z20 " 5.0, Z2 1 " 6.0, ..... , Z30 ' 16.0

i - 31, 41 Z31 - 20., Z3 2 ' 24., *..., Z4 64.0

The results obtained for tc cons-ant, C(r'), are shown in Figure 2.3 as a

function of C. The valules are. determined at the same 201 values of C in

Figures 2.4 through 2.8. Tha continuous curves are the result of the Arm-

strong Voigt program and the x's are the values obtained from the least

squares procedure. For C - 0 and 1 = 1 the Voigt function is exactly repro-

duced as a required result of the method. The results are given on a

logarithmlic plot in order to give perspective to the value of the function b
for which the percent errors are the largest. For C = 0.05 to c = 0.3, the

percent error in the wing is of the ordek- of 22 percent, but these errors

occur for very small values of the function. Another region of moderate

percent error is at Z Z 3 half-widths for this same range of zeta. The

largest percent error in this domain is - 8% for zeta Z 0.2.

As indicated earlier, these results are sufficiently accurate for

most atmospheric applications. As suggested by both Whiting[ 1 2 ] anod Kiel-

kopf[13], an error functicn, can be added to reduce this remaining discrepancy

to negligible proportic.rs. Some discusion of this will appear in a subse-.

quent section.

The method for approximating the Voiyt profile has been aeveloped

aid th's development must now be incorporated into the algorithm for comput-

ing spectral absorption coefficients outlined by Clough et al[31 . The Voigt

function has been obtained as a weighted sum of the Doppler function and

the Lorentz functivi. For .urposes of convolving the approximate Voigt pro-

file with the sractral Vinp data, we consider Equations (2.8) and (2.9).

In Reference (3] the slow convergence of AL(z) has beet* discussed and a

method wds revekped to reduce computational effort for performing the con-

voltion. Fortunately, the Doppler shape has very rapid convergence to zero

as a functicr of the argument, z. The domain of the argument, z, for which

values of the %uctiorn A 4(z) need to be considered are limited to Izi less

22
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than four (Izi <4), noting that AD (z 4) 7.7 x 10-6. The normalized

function for the Doppler line profile is given by

G(z) = Vln-exp z- (n2)1zJ (2.27)

It then is appropriate to decompose the Lorentz function AL(z) into

three domains of z,

;•. O<z<4

0 < z < 16

and

0 < z < 64 (2.28)

This decomposition is performed in a manner similar to that described in

"Reference [3]. A quartic function is defined over the domain 0 < z < 4

where

1 12Q1= • (a1 + bl + cl z4) (2.29)

The normalized Lorentz function, L, is

L 1 2 (2.30)

The coefficients of the quartic are chosen such that for the function (L- Qj),

the value and the first and the second derivative are zero at the boundary,

Zb. For the first function, 7b = Z = 4. These constraints are achieved by

the following relations

a,= (1 + 3 Z2 + 3 Z4)/(l + z 2 (2.31)
3

b2 + 3 Z )( + z2 (2.32)
1 Zb)( Zb)
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and

Cis 1/0 + Z )3  (2.33)

Similarly, a second quartic function, Q2, Is defined such that for function

(L - Q2 ), the value, the first and second derivative are zero at the bound

ary Zb - Z2. In this case Zb a Z2 = 16. !n the region from 16 < IZI <

t;.e function utilized is the Lorentz function itself. The procedure is mori

obvious in tabular form:

DOMAIN

Functi,,,,i 0 < IZI < 4 0 • IZI < 16 0 < IZI < 64

(Doppler)

XD(Z) G(z) 0 0

(Lorentz)

XLl(Z) L(z) - Ql(z) 0 0

XL2 (Z) Q1 (z) - Q2 (z) L(z) - Q2 (z) 0

XL3(Z) Q2 (z) Q2 (z) L(z)

Note that the Doppler function spans the same domain as the first decomposed

Lorentz function, that the functions XLt sum to L(z) in each domain and
that the functions are continuous across the domain boundaries.

The four functions that will be utilized to reconstruct the Voigt

function are shown in Figvre 1.2. The functions are tabulated at 201 values

of the argument Izi over the domain valid for each function.

The total expression for approximating the absorption due to the

Voigt profile is given by
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AV(r' IV, Z) C(W (z)

(2.34)

+ C(:) [XL(Z + XL2(Z) + XL3 (Z)]'

This may be separated into three functions where

AV(, V, z) 1 - C(C)• D c() L (z) 0 < Izt 4s

Av2(" cz)= _z) s_ C(C) X12 (z) 0 < Izl 1 16,
V

Av3(C a z) = S C(C) XL3 (z) 0 < Izi < 64.
V

(2.35)

The sampling interval established in Reference [3] i-dicates that AVI is

sampled at intervals of TI-. AV2 at intervals cVc and AV3 at intervals of

4 " aV* This sampling scheme results in each function being sampled at 33
values. The results of the convolutions over the three domains are stored
in arrays FF, SF and VSF. The saving in computational effort results from
two principal reasons. Only 99 values are required to describe the Voigt
function over + 64 half-widths. The composite spectrum from the three arrays
(FF, SF, and VSF) is constructed only after the convolutions have been com-
pleted for all the lines in a given spectral interval. This latter p^'nt
is one that was not sufficiently stressed in Reference [3]. The implica-
tion of this technique is that not only is the grid of the function fine
in the region where the function is varying rapidly and coarse in the region
where the function is varying slowly (actually there are three discrete
sampling intervals), but that the values for intermediate points are not
calculated until after the contributions from all the spectral lines have
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been determined. This is achieved by interpolating the VSF array into the

SF array, and the SF array into the FF array yielding the final results.

A3
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3.0 TRANSMISSION THROUGH THE REAL LAYERED ATMOSPHERE

The HIRACC algori thm13 as originally reported by Clough et al com-
puted absorption coefficients for a given path through a gas. The thermo-
dynamic properties over this path were assumed to be consti nt which enabled
the definition of a constant sampling interval over the spectral region of
interest. The path itself was defined through input in the form of column
densities of the appropriate molecular absorbers together with the temper-
ature and pressure. We note that column densities are the required units
for the AFGL tape.

At first glance, it might appear that calculations of the spectral
absorptance (or optical depth) in the real atmosphere would require only the
definition of the proper values of these column densities. However, one
must take into account the variation of thermodynamic properties along the
path as well as the fact that certain absorber molecules, such as H2 0 and 0 3
are not uniformly mixed at all altitudes. For example, ozone concentration
peaks in the stratosphere. When a calculation of the optical depth at a
higher altitude is required, one must take into account the fact that the de-
creased pressure implies a narrower line width. Indeed, as one goes from sea
level toward space, the line shape profile passes from almost pure Lorentz to
pure Doppler. If one uses an improper sampling interval to calculate the
spectral absorptance, it is clear that important absorption features can
easily be neglected, thus yielding incorrect results. Therefore a proper
calculation of absorption over a path traversing a large region of the atmo-
sphere will require an appropriate variation of the sampling interval with

'altitude. One could, of course, use the small sampling interval required at
high altitude layers for all layers, but this would require unnecessary cal-
culations at the lower altitudes.

In order to use the HIRACC algorithm with as little modification as
possible, we have taken the approach discussed by Mcdlatchey et a11141 and
approximated the real atmosphere by a series of layers. each defined to have
constant pressure and temperature and appropriate values of the column den-
sities of the absorbing molecules. Clearly such a decomposition is not unique
and requires the user to exercise some care in defining the atmosphere as will
be discussed below. While this arrangement may demand a certain degree of
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sophistication of the user, it is Judged th outs solution will enable a user

to be more flexible in changing from one .r .i to another than he would be

if the program were tied to a given atmospheric model.

The basic structure of FASCODE is then a successive application of

the HIRACC algorithm for successive atmospheric layers with an appropriate

merging of the results. For convenience, the HIRACC Program reported in

Reference [3] has heen left almost unchanged except to ,iodify it to subrou-

tine form and to include the Voigt line shape profile described in the pre-

vious section.

The merger of the abscrptance for two different layers is performed

in the following manner. The results for the first layer are computed and

written to disk as described in Reference [3]. (We remind the reader that

the HIRACC algorithm processes the spectral absorptance in "panels", namely

in groups of data defined at wave numbers separated by a sampling interval.
Typically there are 2400 quantities in a panel but a panel may be shorter

at the end and beginning of the requested wave number interval.) The reso-

lution at which the first layer is to be calculated is determined by the

sampling interval criterion described by Clough et a1131 , namely one-quarter

of the average half-width of the lines. The next layer to be computed may

have pressure and temperature sufficiently different such that a new sampl-
ing interval is required by the sampling criterion. Let the sampling inter-

val for the first layer be DV1 and that for the second, DV2. In the initial

development of FASCODE a decision was made to limit the program to specified
ratios DV1/DV2. Note that since the pressure in the atmosphere is a mono-

tonically decreasing function of altitude, the average half-width of a
t. :al Lorentz line profile will decrease as the calculation proceeds from

ti. ower to higher altitudes. Thus the sampling interval determined using

thM 1'iterion of Reference [3] will also decrease as the calculation proceeds

to the higher altitu;es, until the pressure no longer remains the principal

detenr• ing factor. This will occur at altitudes where the Doppler width

becomi dominant in the determination of the half-widths. Such effects are

alreaty included in the Voigt line shape profile model discussed above. In

addition, the Voigt model provides a proper treatment of the transition region

at those altitudes where neither the Doppler nor the Lorentz profile is

appropriate.
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In general then, the sampling interval is larger at lower altitudes

and smaller at the higher levels. This implies that a calculation which
proceeds from the lower to the higher layers is more efficient since one

would not have to perform the ýýaiculation of the lower layers at the small
sampling intervals required by the narrower line shapes at the higher alti-
tudes. Therefore, in FASCODE, the HIRACC algorithm is implemented by start-
ing at the lowest layer (highest pressure) and proceeding to higher layers

(lower pressures).
Since the decision was made to limit the number of ratios of the sampl-

ing intervals between two adjacent layers, FASCODE resets the DV of a new
layer to the nearest allowed ratio. Note that the user must be careful to
prepare the atmospheric input with a sufficient number of layers so that the

criterion for the ratios is met. This is not a difficult condition to meet
and it is discussed in detail in the User's Manual in Appendix B. In principle,
the restriction to a fixed number of ratios is not ,necessary. This was dis-

covered late in the development of FASCODE, but was left for future effort.
We shall discuss this briefly in the final section.

The computation of the second layer then proceeds using the HIRACC

algorithm with the reset value of the sampling interval. The new results
are also written to disk, by Subroutine PANEL, using a different file name.
Having obtained the spectral absorptance for each layer, one now needs a method
to merge the two results such that after the merger one has the absorptance
for a path through both layers defined at the resolution of the higher layer.
This is obtained by interpolating the "old" or coarser resolution results
into the "new" or liner resolution values of the spectral absorptance. A

simple four-point Lagrangian interpolation scheme proved adequatel 1 l This
is sunmnarized as follows: If f(x) is a function defined numerically over a
given region with a constant increment h, then the value of the function at
some point (x0 + ph), where p is a real number (-I p < 2), is approximated

by the relation

f(x0 + ph) = A 1 f I + Aofo + A1 f1 + A2 f2  (3.1)

Here fn is the value of the function at (xo + ph) and the constants are given
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by the relations

A_, -p(p - 1)(p- 2)/15 (02)

Ao  =(p 2  1)(p -2)/2 (3.3)

A, = -p(p + 1) (p- 2)/2 (3.4)

A2  ' p(p 2 _ 0)/6 (3.5)

The number of allowed resolution ratios was chosen in the following
manner. First it was required that the old ano irei absorptances should be
aligned at some running 'values of the wave number at least. This 'npl ied

that the ratios were to be ratios of intewers. For further simplification
it was also requirea that the ratio be of the form (N + 1)/N. In addition,

one must include the case where the sampling interval does not change, namely
a one-to-one ratio. After some experimenting with larger values of the in-

teger N, it was found adequate to limit the number of ratios to the following,

2/i. 3/2, 4/3, 5/4 and 1/1.

The interpolation is then performed by identifying the quantity x0 "

in Equation (3.1) with the next lowest wave number of the old array below
the value needed for addition to the new array. The interpolation is char-

acterized by an index (called ITYPE in the program) which is the number of
points needing interpolation between the wave numbers which co-align in the
two arrays. This will be clear after a glance at Table 3.1. For the 1/1

case (straight add) no interpolation is required and the index is zero, For
the 2/1 ratio, one point must be interpolated and ITYPE=i. The rcinaining
schemes are quite clear. The value of the index ITYPE is used to determine

the values of p in Equations (3.2) - (3.5) and then in turn to compute
arrays of the interpolation constants Ai for interpolating the values between

the co-aligned wave numbers. The remainder of the merging algorithm consists
in bookkeeping to access the two disk files containing the panel data for
the old and the new layers. In addition, the merged results are also written
to a third disk file for merging with the next layer. The procedure is
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then continued until the final layer is processed.

In order to test the merging algorithm, the following procedure

was devised. The calculution was performed as described above except that

the spectral absorptance calculated for each layer was replaced by a known

function of simple form. Consider the case where the absorptances from two

layers are merged. If v is the lower boundary of the frequency range of

interest and Av and Av are the sampling intervals for layers 1 and 2 re-
1 v2

spectively, (Av1 ' Av2 by assumption) then the test is made by replacing

the calculated optical depths in each layer (e..., T1 and T2) by the

expressions

I + (J 1 - I) v1 /2 and 2  0 + (j 2 " 1)Av 2/2 (3.6)

where J and J2 are running indices which give the number of frequencies

at which calculations have been performed, i.e., the lower bound wave num-

ber is j = 1 and the upper bound is j = nL where n• is the total number of

frequency values in the region calculated.

The array T1 is to be merged into the finer spaced array T2 . Call

the merged result T and let j be its running index. From Equation (3.6),

it follows readily that

1T12 (j + 1) - T12 (j) = Av(37)

provided the merging process is correct. Since the interpolation involved

cannot be expected to be exact, the following test was made for all values

of T2

IT12 (j) - T1 2 (J - 1) 2 < 10412 12-4

If this inequality was not satisfied the program was directed to print this

fact together with the associated parameters.

This testing procedure was followed and the inequality (Equation

(3.8)) was found to be satisfied at all points except at the lower and upper
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bounds of the wave number interval. This was due to the problems of starting

and stopping the Lagrangian interpolation'when points are not available. A

simplified interpolation scheme was chosen at these boundaries which did not

have sufficient accuracy to satisfy the merging criterion in Equatlon (3.8).

This is not a problem however, since the HIRACC algorithm[ 3 ] dutomatically

expands the requested wave number region by a small amount in nrder to assure

that all lines which contribute to a wave niumber interval are included. Thus ¶
we conclude that the merging procedure does pass our criterion. The extension

of this test to more than two layers is straightforward. In Equation (3.6),

the factor 1/2 is to be replaced by 1/N where N is the number of layers.
The next test of the algorithm required the calculation of a case

for which another high-resolution calculation has been perfonrmed. For this

purpose, the calculations done by Kyle at NCAR were selectedE 1 . Kyle per-

formed a multilayer atmospheric transmission calculation in the wave number

region (1-2600) cmi. He used the AFGL tape, a Voigt line shape truncated

at 5 cm"I from the line center and a model atmosphere based on the AFGL mid-

latitude summer profile[14'. The atmosphere he used is given in Table 3.2.

We note briefly that Kyle's results were degraded in resolution by convolu-

tion with a triangu)ar instrument scanning function with full width at half

maximum of 20, 5, and 0.1 cm-. Since FASCODE did not as yet have this fea-

ture, we compared directly with his highest resolution graphs. It is also

noted that Kyle's atmosphere had to be modified to fit the ratio criterion

mentioned above. This was done by defining additional layers where there

were larger altitude gaps i; Kyle's atmosphere. We show the resulting atmo-

spheric model in Table 3.3. We limited ourselves to the wave number range

(2000, 2200) cm . This shall be referred to as the test problem.

The results of the calculation for our test problem are shown in

Figure 4.2. The spectra obtained by FASCODE are in entire agreement with

those obtained by Kyle. We delay further discussion of the results until

the next section in order to present transmittance and radiance results at

the same time.
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4.0 RADIANCE FROM AN ATMOSPHERE IN LOCAL THERMODYNAMIC EQUILIBRIUM

If one assumes that a given infinitesimal volume of a gas is in
local thermodynamic equilibrium (LTE) at some temperature, it follows that

whatever amount of radiant energy is absorbed by this gas, an equal amount
of energy must be re-emitted in order to maintain the equilibrium state.
Furthc'-nore, the spectrum of the radiation re-emitted will be determined by
the black body or Planck function using Kirchhoff's law. This LTE model may
be expected to be more nearly valid at the lower altitudes where collision

frequencies are quite high. At the higher altitudes (ý 25 km), one should

expect non-equilibrium effects (NLTE) to be important. Indeed, Degges[17]

has been developing a comprehensive NLTE atmospheric radiance model for a

number of years and other workers have studied the high altitude problem as
well[ 18 . The FASCODE Program could also be used for the NLTE case if vibra-
tional or rotational temperatures and/or populations of states at higher

altitudes were read in. Such data could be prepared by programs such as
Degges' work.

Despite its shortcomings at higher altitudes, a LTE atmospheric
radiance mod..l can be very useful not only in the Ic, altitude regime, where

it rests on solid footing, but also in the higher regions where one may use
it to characterize the degree of deviation of the NTLE situation from the
equilibrium case. A number of workers have pt-epared LTE radiance models among
which we want to mention the recent extension of the AFGL LOWTRAN model to

include a radiance calculation [2]

In this section we present the algorithms implemented in FASCODE to

enable the cahuuation of atmospheric radiance along a given optical path
assuming LTE along that path. To provide the most efficient calculation of
the radiance, it was decided to calculate its value layer-by-layer along 'with

the spectral absorptance calculation descr 4ibed in the previous section. It

should be noted that the radiance of a path proceeding from lower toward
higher levels is not the same as that for the same geometrical path proceed-
ing from higher to the lower layers. Fig.ure 4.1 presents a sketch of two

such paths, space-to-ground (Figure 4.1a) and ground-to-space (Figure 4.1b).
A four-layer atmosphere has been shown for simplicity, each layer being
labeled by the letter A, B, C, or D. The boundaries between each layer have
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Figure 4.1: Sketch of the difference between a path looking up and one
looking down.

44

m mi..-.-.-. " -



-l¸, . . . . . . , . .- _ -

been numbered from 1 to 5 where 5 is the ground at temperature at a . The

temperature of each layer is called 81, 1+1 where i is one of the labels for

the boundaries. The transmittance contributions between any two boundaries

are defined as T13 where i and j are boundary Indices.

Consider now the equilibrium radiance from Layer A to space in Fig-
ure 4.1a. Using Kirchhoff's law this may be written as

RAs - (1 - T12 ) P(e12, V) (4.1)

where P is the Planck function and \v is the frequency in cm". Proceeding

to the next layer the contribution of this layer to the radiance observed in
space is

RB.S ' T12(1 - T2 3 ) P(O23 , v) (4.2)

and the remaning two layers can be written as

RC.S , T1 2 T23 (1 - T3 4 ) P(0 34 , v)

(4.3)
= T13 (1 - T4 5 ) P(83 4 , v)

and

RD-S ' T1 2 T2 3 T3 4 (1 - T4 5 ) P(e45 , v)

(4.4)

= T14 (1 - T4 5 ) P(" 4 5 , v)

Finally the contribution of the ground is

Rgs -122 3 T4) T T P(15, v) V,) (4.5)

The total radiance is then the sum of all these -erms. Extending this to
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the case of n layers with n + 1 boundaries we can write

RT(down) n T (I - T (4.6)
total i= i , 1+1 P , v)

+ T1 ' n+1 P(en+1'v)

where now en+1 is a temperature characteristic of the last boundary. Note

that in general, this is not necessarily the ground. (It shall be noted

Ij =nl Tk, kj.) Also, it is not required that the spectral distribution
k-1

at the boundary be given by the Planck function. An arbitrary spectrum or

one characteristic of a particular type of radiating boundary may be substi-

tuted for the (n+1)'st term.

Turning now to the other case, looking up, we can write the follow-

ing expression for th1e contribution to the radiance from each of the layers

R5 -4  (1 - 145) P0e4 5, ') (4.7)

43= T4 5 (1 - T3 4 ) P(03 4 , v) (4.8)

R3I2 = T34 T45 (1 - T23) P(823, v)

(4.9)

= T3 5  (1 - T2 3 ) P(0 23 , 9 )

and

R2-1 = T23 T34 T45 (1 - T12 ) P(N12 , v)

(4.10)
" T25 (1 - T12 ) P(e1,, v)
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Again, the total radiance is the sum of the individual terms for each layer

which may be written as

(up) n-i
R(total) i0 Tn.in (I - Tn-i-, n-i) P(en-i-, n-i- v)

(4.11)
+ T1 , n+1 P(el' v)

where we have implicitly defined T1 1 = 1 for convenience. To present a radi-
ating boundary at the end of an upward looking path, such as a cloud or the
Zodiacal light, one may add the same type ef boundary radiating term as dis-
cussed for the downlooking case. An upward looking boundary has not been
included in FASCODE as yet but a user can readily add one if it should be
required. A glance at Equations (4.6) and (4.11) is sufficient to see the
difference between each case.

The expressions in (4.6) and (4.11) are convenient mathematical repre-
sentations of the algorithm but for computational purposes it is more useful
to represent the algorithms such that they manipulate the new increment to the
transmittance for a given layer I, and the radiance and total transmittance
accumulated up to that layer. As was mentioned in Section 3, the calculation
proceeds from the lowest layer to the highest in order to minimize the time
for merging. If ATi is the incremental transmittance, E(i) the radiance and
P(i) the Planck function, the radiance and transmittance after the ith layer

has been traversed are

(up) (up)
E(i) = E(i-1) + (1 - Ar1) P(i) " T(i-1) (4.12)

and

(down) (down)
E(i) = AT E(i-1) + (1 - ATi) P(i) (4.13)

for the radiance looking up and looking down, respectively. Th;, transmittance
is clearly given by the relation (for both cases)
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Ti)- ATi T(-1) (4.14)

The boundary radiance is frequently not a function with very fine

spectral resolution. Thus, for the lookingdown case, the most efficient pro-

cedure is to compute the boundary radiance at the coarse resolution of the

lowest layer and include it with the radiance of the first layer (modified by

the transmittance, of course). This will then be properly carried along through
the remainder of the calculation. For the case of a radiating boundary at the
upper evd of a path looking toward space, it is simplest to add the contribu-

tion from the boundary after all calculations have been performed modifying

it by the total transmittance computed for the path. As mentioned above,
FASCODE at this Juncture does not include coding for this second case, but
does include a radiating boundary at the end of a down-looking path.

In order to speed up the calculation of the Planck function the fol-

lowing procedure was followed. For each panel, the black body function is
computed and the results stored in an array with separation of one wave number.
The value needed at a given wave number is obtained by interpolation which is

performed only when the value of the Planck function can be expected to have
changed sufficiently to warrant an updated value. If the Planck function is

written

P(v) * Av3 (esv- 1)1 (4.15)

where v is in wave numbers and s = C2/0, 0 being the temperature, and C2

the second radiation constant (1.4388). Taking the derivative with respect

to v we may write

dP dv s3 (sv) (1 e-SV) (4.1f1

If one takes JAP/PI 1o-4, the increment at which one should interpolate to
obtain a new value of the Planck function is easily computed. This alleviates

the need to recalculate the Planck function unecessarily.
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The implementation of this algorithm for LTE radiance in FASCODE is

zontatned in two subroutines, ENUP and EMDOWN, for paths "looking" up toward

•pace and "looking" down toward the ground respectively. An additional sub-
routine ,,as prepared to compute the first layer (the lowest), EMINIT. In
this routine the possibility of radidtion from a boundary was included for

the downward-looking case.
The merging of the results layer-by-layer proceeds in a similar

fashion to that for the absorptance described in Section 3. One difference
is that now one needs to merge two quantities, namely, the radiance computed
and the transmittance as the calculation proceeds from layer to layer. These

quantities are written to disk in two records, first the radiance, followed
by the transmittance. The code accesses the HIRAZý, algorithm to obtain the
spectral absorptance panel by panel for each layer. This information is con-
verted to transmittance by exponentiation in either EMUP or EMDOWN depending

on the case of interest. The LTE radiance algorithm is then exercised as the

merging is taking place.
The radiance routines were tested in a manner similar to the merging

test described in the last section. Consider the case of a series of n layers
with a path from space to ground with a boundary at temperature 0. If one
modifies the input data such that each layer has the same temperature as the

boundary, then one can show that the resulting radiance will be given by the
Planck function at temperature e, a result which is not at all surprising.
The same result holds for the upward looking case if a boundary is added at
the upper end and the temperatures are all set equal. This procedure was

followed with the results as expected to within accuracy requirements inherent
in 1,.e %:athod.

The idiance package has been tested for tr'e problem described in

P, pevious section. The radiance results are shown in Figures 4.2 together
wltt. the transmittance for a path looking from space to ground which is
modeled as a black body radiator with temperature, T = 273 K. Note the smaller
range of the abscissa for Figures 4.2(e) and 4.2(f). The absorption features
seen in Figures 4.2 are clearly seen in the radiance profiles as well. The

expanded frequency scale in Figures 4.2(e) and 4.2(f) show this most clearly.
Self-reversal -n eaý. be seen in the radiance for strong absorption lines.
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This is particularly dramatic in Figure 4.2(f) near the band edge of the CO2

(11101-00001) transition.
In Table 4.1 we give the time results of the run made to produce

Figures 4.2. All times are for the CDC 6600 computer ;ystem at AFGL. For
each of the layers of the test problem, we give the altitude boundaries and

the temperature and pressure characterizing each layer. The next column gives
the value of r used in computing the Voigt shapes for that layer. The average
linewidth and the sampling interval are givwn in the columns labeled ALPHA and
DV respectively. The ratios of the sampling intervals are given in the follow-
ing column. The final four colungs show the timing for the convolution of the
spectra (CONV), the writing of the panels to disk (PANEL), the calculation of
the radiance (EM) and the calculation of the transmittance merging (ABS). The

sums of the times for each column are also presented. Note that the total
number of lines processed was 6681. The convolution took approximately 0.7
msec per line per layer. This latter statistic is very meaningful, since it
gives the reader some idea of the speed of the program. The total time for
a transmittance calculation only, may be obtained by summing the totals of
the columns marked CONV, PANEL and ABS (i.e., 102.2 seconds). For the radiance
calculation along the same path, one obtains the total time by summing the

totals of the columns marked CONV, PANEL and EM (i.e., 175.3 seconds).
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5.0 CONCLUSIONS AND RECO FNDED EXTENSIONS OF THE PROGRAM

For certain purposes it is helpful to use a pure Lorentz or a pure
Doppler line profile instead of the Voigt profile, which takes slightly more

computational time than the Lorentz line shape or the Doppler line shape
alone, For example, a user might have a problem involving only transmission
at the very high layers of the atmosphere, (P 40 km) in which region the line

shape is purely Doppler. On the other hand, one might be interested in
studying a laboratory experiment at relatively high pressures for which the
Lorentz profile is adequate. The addition of the pure Doppler znd the pure
Lorentz cases is straightforward and has been accomplished. The reader is
referred to the program listing in Appendix 3. The revisions which were re-

quired for the pure Lorentz case include:

a. Subroutine SHAPED is not needed.

b. The least squares fits for the linear com-
bination of the two profiles are not neces-

sary (AVRAT, aVD(1), aVL(;), C(;)).

c. All program references to the quantity

are deleted.

d. The final result is, of course, similar to
the original HIRACC coding[. Here it is

called HIRACL.

For the pure Doppler case, the following differences arise:

a. Subroutine SHAPEL is not used.

b. Delete all C references.

c. Only the FF array is used, VSF and SF are

not needed.

d. The resulting routine is called HIRACD.

Some care had to be taken to asure that the proper indexing is made.
The contributions of the various continuum features have not been in-

cluded as yet[1 2 '14 '20]. These features arise from a number of physical
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processes such as absorption by atmospheric aerosols, arnd a variety of molec-
ular continuum processes for molecules such as N., C029 H 20. In addition the

contributions of the lines beyond 64 half-widths must also be included as part
of the continuum contribution. In general, the continuum absorption is a slow
function of wave number and may be directly incorporated into the VSF array.

This operation will not significantly affect the rur~ning time of the program.
The line~-by-line results have finer spectrall detail than is required

for comparison with some experiments. Some instrumentation (especially that

used for engineering systems) does not have resolution such that the final

spectral detail computed in this version of FASCODE can be resolved. A method
is required for convolving a given instrument scanning function with the

FASCODE output in order to degrade the detailed results for comparison with
lower resolution data. Work on this aspect is currently upderway at AFGL.

We note that the convolution techniques used in the line-by-line spectral
synthesis (HIRAcc algorithm) may also be applied to a scanning function
convolution.

When the sampling interval is constant from one layer to the next,
and one is not calculating the radiance, it seems clearly possible to devise

a new method which would decrease the running time considerably. This method

would compute at the same time the spectrum for all of those adjacent layers

which have a constant sampling interval. For example, above a certain alti-

tude where the Doppler line shape becomes dominant, essentially all of the

sampling intervals can be taken to be constant and the merging calculations
* for all of these layers can be done panel by panel.

Finally, for applications in systems studies it is reconmmended that

spherical geometry be added which could account for the fact that the earth's

atmosphere is not plane pahallel, but rather spherical. With this addition

to the code, the calculation of limb radiance would be easily performed and

practical applications could be taken directly from FASCODE.

To illustrate this, consider a remote sensing satellite viewing the

earth on some sight path. If the sight path ends on the earth's surface or

some other surface above the earth su~ch as a cloud layer, no great extension

to the Programn need be made. One merely needs to program a method for com-

puting column densities of the absorbing mol~cules for each layer. However,
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for the case of a sight path that is glancing, or tangent to some altitude
above the earth, the nroblem is more complicated.

Figure~ 5.1 is a sketch of this case. Here rmax is the earth-centeredI ~radius to the maximum altitude for which calculations are to be made, and rT
is the corresponding radius to the tangent height at Point T. Let A and 3 be

~~ I the points at which the line-of-sight intersects the circle of radius ra.
First, we consider the case where only the transmittance is to be calculated.
It is clear that the 'largest sampling interval which will be determined from

) ~the criteria programmned in FASCODE, will be found in the tangent height layer
and the smallest will be for the layer's ending at the two points A and B.
Thus the optimum procedure will be to start at the tangent height where one

has the smallest number of points needed to characterize the convolved spectral
transmhittance. Next, we note that the two paths TA and TB are identical comnpo-
sitions of column densities. Thus the transmittance from path TB is identical
to that on path TA and the total transmittance may be obtained simply by doubl-
ing the contributions from each layer and computing only one of the two paths
TA or TB. Note that it is the column densities which are to be doubled and not[ ~the transmittance. Also we have tacitly assumed that the atmospheric comiposi-

tion profiles do not change appreciably along the path ATB. Since the angleL ACB can be as large as 200, this may not be the case. Thus, for example,
the sight path may enter the atmosphere at -45ON latit'ide and exit at 63%N
latitude and the profiles Can be quite different, especially for water. ThisH Ks a complication which may or not be important in a given case. No essential
difficulties should occur, however, should this situativ-n need to be investigated.

For the radiance calculatio~n, it is again best to start 3t the tangent
part of the sight path. This can be done simultaneously with the~ TB part cor-
responding to a path looking up and the TA part to a down-looking path. When
the calculations for the two final layers are finished, the total radiance,
RTT is computed simply by the relation

RTOT R TA + TA R TB (5.1)

where RT and RT are the results of the radiaudce calculations on paths TA
and TB respectively, and TA is the transmittance from path TA. If Point B
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is not at the samj altitude as Point A (for example Point B corresponds to
a target or a cloud), no essential problems occur. One merely stops the
calculation along TA at the altitude of Point B, performs the composition

of Equation (5.1) and continues the calculation to Point A as before, but

using the value RTOT for the radiance at the stopping point. This method
has not been implemented as yet in FASCODE but the implementation should be

straightforward.
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In this apperiix we present a desqription of the code. For the

reader's convenience much of the documentation of the HIRACC algorithmT3 ]

has been reproduced here with an occasional modification. In addition, the

new subroutines developed in this effort are described.

The program has been written to use line parameter input data con-

sistent with that contained in the AFGL line parameter tapelt]. The line

data has been reformatted onto a binary file which contains the line data

pertinent to the molecules and wave number range of interest. This step

has been taken to keep read time consistent with the time required to per-

form the calculational part of the program. The control parameters are

read from the input file and written to the output file; TAPE3 is the binary

file containing the line parameter data; and TAPE12 is always the binary

output file. The final output and intermediate output files contain a

header record which includes the identification information, SECANT, temper-

ature, pressure, molecular identification, and molecular column densities

of the htmogeneous layers. The first record for each output panel is a

header record for the pinei which contains the wave number values of the

first and last absorption coefficient values of the panel, the wave number

increment between output points and the number of output points. The second

recuwd of the panel contains either the array of absorption coefficient

values resulting from the convolution when only absorptance is calculated or

the radiance array followed immediately by the transmittance array for radi-

ance calculations. The current version of the program outputs a maximum of

2400 values per panel; in general, the first and last panel are shorter.

The output file MFILE, and an additional file, LFILE, are used to store the

intermediate data prior to merging the results for the layers. The merged

results are always on MFILE. The file KFILE contains the absorption co-

efficients for each layer. Table Al outlines the t:se of these fileo and file

labels.

FASCODE has been designed to be used with the CDC segmentation fea-

ture which allows the program to be run using a minimum of central memory

by loadinq dynamically only those subprograms which are in use at a given

stage of the code's execution. Using this feature, FASCODE requires only

- 56 K8 words of central memory. If a user does not have a segmentation
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capability on the machine being used, allowance will have to be made for
a larger amount of central memory. In this case, storage allocation should
be redistributed to minimize total storage requirement, estimated at 77 K8 .
That is, long extension arrays in EMUP, EMDWN, and ABS should be changed to

unlabelled commorý.

A simple overall structure of the code was obtained. This is shown
schematically in Figure A.1. HIRACV and its associated subroutines perform

the spectrum synthesis of the absorptance. The merging subroutine is called
ABSMRG for the absorption coefficient case. The LTE radiance computations
are performed by subroLtines EMINIT, EMUP, and EMDOWN. Subroutine TPLOT i3
an expanded version of the plotting program described in Reference [3], and
it has been changed into subroutine form. Note that FASCODE can be used to
prepare plots directly. Some possible future extensions of the program have

been sketched as dotted lines in Figure A.1. The reader should note that

the modular construction of the code allows straightforward extension and

revisions.
The program consists of the main Program FASCODE: Subroutines ABSMRG,

TPLOT, EMINIT, EMUP, EMDOWN, HIRACV, SHAPED, SHAPEL, MOLEC, RDFILE, CONVFNV,

PANEL, HIRACL, CONVFNL, HIRACD, CONVFNC, and PANELD; and the Function QVRFAC.
The overall strategy of the HIRACV Subroutine is indicated in Figure A.2. All
the subroutines are called from the main program or from their subdriver (See

Figure A.1) and the flow of the program is easily traced. Subroutines HIRACL
and HIRACD perform the same functions for the Lorentz and Doppler line shape

profiles respectively.
The main Program FASCODE reads the input data and calls each of the

subdrivers shown in Figure A.1, according to the particular run desired as
determined from the input. After initializing constants and reading the

basic parameters tor the run, the program enters a loop for the calculation
of the requested results for each layer. Inside the loop the atmospheric

propr"ties, average temperature, average pressure and absorber molecule
column densities are read from tho input file for the given layer. The
proper sampling interval is then computed and an identification header for

the layer is buffered out to KFILE. Note that extensive use of BUFFER IN
and BUFFER OUT is made to increase efficiency. If a user does not have this
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ENTRY9

kit ~lize Pvogrmarameters]_

SUBROUTINE SHAPEL I
CALL SHAPEL SUBROUTINE SHAPEDC CAi.L HAPE Sets Convolution ArrkysFor Specified Line Shapes__ _ __ _ __" 1.

SUBROUTINE MOLEC (1)
___ _" __ -Initialize SubroutineCALL. MOLEC (1) .LPrmtr

Parameters•:t~i} :_]-.-." ationSets Molecule, , aenti fi-

SIation s

SUBROUTINE MOLEC (2)
- sets Vib-Rot. Partition

L OE (2)Sum Factor Depending on
Temperature

_____ - Sets Half-Width Correction
Factor Depending on Pres-
sure and Temperature

SUBROUTINE RDFILE
- Inputs Line Parameter Data;•iCALL RDFILE UJ -;•_r Sets IDATA-1 I If No More

Data Required

Calculation of 3pectral Parameters
- Line Intensities and Widths Cor-

rected to Specified Temperature
and Pressure

B 0%--8V1 __ SUBROUTINE 6L FIVFNV'i •Q.(• ! ¢L• VFNV ...... J -. Performs ý,•.ivolutions| .. "

A

Figure A.2: Flow Diagram for HIRACV Subroutine
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D1

teso Outptel

YES

SUBROUTINE PANEL

- Interpolates VSF Array

CALL PANEL Into SF Array; SF Array
Into FF Array
Outputs Panel to KKFILE

- Resets Arrays
Sets Indicator for
Calculation Complete

•OA --a Test For Calculation Complete !

I, YES

C Test To Continue Convolution

IB

Figure A.2: Flow Diagram for HIRACV Subroutine (Continued)
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capability, these statements can be replaced by binary read ana write state-

ments. Subroutine HIRACV is then accesseo to compute the spectra, absorptance.

Once this has been completed, the appropriate merging routine Is accessed,

unless it Is the first layer for which nG merger is necessary. For the radi-

ance calculation, Subroutine EMINIT is called to compute the radiance due to

the first layer. For all other layers, the radiance is obtained by calls to

EMDOWN or EMUP for the cases of looking down and looking up respectivwly.

When all layers have been procossed, the plotting Sttbrouttwle TPLOT is called

if the plot flag has been set by the user, Subroutines SHAPEL and SHAPED set

up the convolution functions used to define the Voigt function from 0 to 64

half-widths,

Subroutine KOLEC in conjunction with Function QVRFAC, makes the

molecular identifications associated with the line parameter file, and de-
termines the correction factors for the line Intensities (SCOR) and the half-

widths (ALFCOR). The quantity, SCOR, is the correction factor due to the

temperature dependence of the vibrational and rotational partition sums. The

vibrational partition sum is calculation for a given molecular type as

N

Q (T) 1 1 (A-i)

where viis a fundamental frequency and di is the degeneracy of the vibration.

The temperature dependence of the rotatioral partition sum is given by

QR(T ) FT 0 Z 0(A- 2)

where F 1 for linear molecules and 1.5 for nonlinear molecules. The refer-

ence temperature, To, is taken as 296 K, consistent with the AFGL Line List-

ing. For further discussion of these topics, see Herzberg1 2 1 ] pp. 503 ff.

The partition sum calculations are performed by QVRFAC and the recessary

molecular parameters are contained in data statements in Subroutine MOLEC.

The quantity, ALFCOR, is the correction factor due to the pressure and temper.

ature dependence of the collision broadened half-width. The tetperature
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dependence of the half-width has been taken as (T /T) 0 . 5 although calulations

based on the Anderson-Tsao-Curnutte theory are reported to give somewhat dif-
ferent temperature dependernces (Varanasi) 2 2 ].

Subroutine RUFILE reads the blocked binary line parameters over the
wave number range for which line data is required. The line parameters in-
clude the wave number value of the transition (GNU, cm; 1 ), the intensity of

the transition at 2960K (S, cm'l/(mol/cm2 )), the collision broadened half-
width at half maximum for 2960K and 1 atm pressure (AL.FAO, cm' 1 ), the lower

state energy of the transition (EPP, cm- 1 ), and the molecule identification
number (MOL). If the line parameter data is insufficient to complete the

specified calculation, the message "end of file on disk" is printed on the
output file. If no further line data is required, IDATA is set to 1, and

control is returned to the main program.

At this stage of the main program, an effective optical depth is cal-
culated for each line which is dependent on the column density of the layer,
the secant of the angle through the layer, the temperature of the layer, and

the half-width of the line ct(ALFI).

The effective depth, ji',

( SV• )( 1 14 ,7R T o e E " E "S ST .w. se"R

(A-3)

L1 exp (-. o)Jhv-exp k

where w is the absorber colum'i density, E" is the lower state energy, Q

QvQR, and the othe- quantities have been previously defined, In terms of
the program coding the effective depth appears as:

EFDPTH = SEC*W*S*SCOR*R.ECALF*

EXP(EPP/XKTFAC) + (I.-EXP(-GNU/XKT))/(1. -EXP(-GNU/XKTO))

where XKT and XKTO are the wave number values of T and T. in cm". As
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previously discussed, the proper sampling interval, DV, should be O.?5 times

the averave line half-widttz. If the half-width, ALFi, "r less than the
sampling intervwl, the alf-width is set to the sampling interv&l and a

series of nilnus signs is written to the output file. If the half-width
exceeds a maximum value (ALFMAX) where ALFMAXBOUN9/64 and 8OUND is the

maxilrtm value in wave numters over which a line can be ýalculatsd, the
half-wldtl. is reset to A.FMAX, and a series of + signs is written to the
output file. Included in the records indicating the resetting of the half.
width is the wave number value of the transition (GNU), the intensity (S)
and the half-width (ALFAO) values of the tran•ition from the line parameter

cape, the calculated value of the half-width (ALFI), the value to which the

half-width has beer reset (DV or ALFMAX), and molecular identification num-
ber (M). If the number of half-width changes (NCHNG) exceeds 100, the com-
putation is tenrhinated.

Subroutine CONVFNV ',s a tightly written subprogram in which consider-
Wb'e effort has beer, taken to minimize operations in the DO 30 loop. Thi;

sAbrouitine pecfo'rs the triple convolution of XF, XS, ana XVS with a line
datum putting the results in ths proper elements of FF, SF, and VSF respect-

ively. A simplified flcw diagram appears in Figure A.3. Control indicator
!PANEL 13 set to IDATA if the DO loop over the lines (40) is satisfied indi-

cating whether z panel is complete or more lines are required. If the line
00 loop (40) is not completed, IPANEL is set to 1 indicating that a complete
panEl has been calculat.ed, Control is returned to the main program.

If IPANEL has been set to 1, Subroutine PANEL is called. Subroutine
PANEL performs a four-point Lagrange interpolation of the VSF array into the
SF array and the SF array into the FF array, thus combining the results of

three independent convolutions iAto a final result. A general flow diagram

of PANEL is given in Figure A.4. Care is taken to store array values required

for the interpolation of subsequent panels. VFT is the wave number value of
the first element of the FF array, which is conriion to the first element of
the SF and VSF arrays. A binary header record is written to the binary file

(KFILE) for each panel which includes the wave number value (VIP) of the first
element of the panel (FF(NLO)), the wave number value (V2P) of the last ele-
ment of the panel (FF(NHI)), the wave number increment (DV), and the number
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ni1tialize Subroutine Parameters

Set Convolution Parameters
| ~for Each Line,

Test Upper Limit of Very Slow Index
(MAX) for Panel Complete

Perform Three Function Convolution

Set Panel Indicator (IPANEL) I
to Line Data Indicator (IDATA)

IPANEL-IDATA

t| IPANEL=1
VI

Set Next Line to be Convolved
ILO=ILAST+1

RETURN

Figure A.3: Flow Diagram for SUBROUTINE CONVFNV.
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Intialize Subroutine Parameters
1STOP=O l

---(.r Y .- ~

If Upper Wave Number Limit is Contained in Current Panel,
( Reset Upper Indices

:• ISTOP=I

SStore Elements of Slow Array"'
IRequired for Subsequent PanelI

Interpolate
Very Slow Array into Slow Array

Slow Array into Fast Array

Print NPTS of Beginning and
Ending of Panel

Output Upper and Lower Wave Number Limits of Current Panel,
Wave Number Increment, and Nlumber of Values Output Panel

SShift Required Elements of Fast, Slow and

Very Slow Arrays from Upper Area to Lower
Area for Next Panel

Figure A.4: Flow Diagram for SUBROUTINE PANEL.

78



of absorption coefficient values outputted (NLIM). The second binary record

contains the NLIM values of the absorption coefficient from the FF array. The

arrays are appropriately shifted and reset in preparation of the computation
of subsequent panels. Control is again returned to the main Subroutine HIRACV.

At the conclusion of the outputting of the last panel for each layer,

a record is written to the output file inoicating the current value of the time,

the time spent in RDFILE, in LONVFN, and in PA¶J4aL (the units are seconds).

Also included in this record are the first and last wave number wluos of the

panel. A second record is written to the output file indicating the average

value of the half-width, the number of H4nes read since the last panel was
completed, and the total number of lines read s0nce the initiation of the con-

volution calcolation. Contrcl is returned to Statement 102 if the calculation

is complete, or to Statement 40 to continue the convolution in process.

ABSMRG -- Absorption Merging

Subroutine ABSMRG performs the merging of the absorption layer-by-

layer along a path. The absorption at the present layer and the accumulAted

absorption from previous layers are read from disk files. The constant ISMALL,

computed in FASCODE, is used to identify whether the present or the accumu-

lated layer has the smaller wave number increment. BUFFER IN and BUFFER OUT

are used rather than READ and WRITE for speed of running. The array FF

contains the absorption from the smaller increment and DUMF, the absorptionJ from the larger. The index ITYPE, computed in FASCODE, gives the value of

the numerator of the ratio of the two increments. The coefficients for the

Lagrange four-point interpolation are computed and an interpolation is made

for tho abzcoption in the layer with thd larger increment. The merging of

the two layers is then carried out sich that the merged absorpt~nce has an

increment eqdal to the smaller sampling interval. The outpuY file contains

a header record containing identification information, the values of the
secant, pressure and temperature concentrations of the absorbing molecules,

wave number increment, the value of the first, and last wave number in the
"panel and a layer count. Each panel's output consists of two records. The

first record contains the first and last wave number in the panel, the wave

nutaber increment and the number of points in the panel. The second record

contains the accumulated absorption. For speed of computation, if the wave
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mnmber increment is the same for both layers, the merging is done directly

by merely adding the corresponding values, A simplified flow diagram is

shown in Figure A.5.

Subroutine EMINIT comoutos the LTE radiance for the first altitude

layer only. ThE Planck function is co~nputed as described in the text. There

is also the option of the radiance from a coundary, for the case of looking

down. A simplified flow chart is given in Figure A.6. The radiance for the

case looking from the space to ground is computed by the formula

NEWEM - (1 - TR)*BB + TR*OLDEM

The radiance trom ground to space uses the formula

NEWEM = (1 - TR)*BB

where TR is the incremental transmission of the layer, BB the Planck func-

tion anci OLDEM the radiance, from the boundary when it is requested. Other-

wise, it is zero. The resultý of the calculation are written on a file con-

sisting of four records:

1. A header record containing alpha-numeric

information supplied from FASCODE in the

first seven words, the values of the secant,

i .e pressure, average temperature, con-

ceitrations of the absorbing molecules, DV,

first and last wave numbers and a layer count.

2. VI, V2, DV and the number of points in the

panel.

3. The radiance.

4. The transmission
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ArneFileNae;RdHaer
From New and Old Files; Write to Merge File

- Read Data on Both Files. Panelb
Panl; dd ndWrite to Merge File

- Read When All Panels Completed

- Set Up Interpolation Coefficients
- Read Absorption Data From New File.
- Read Absnrption Data From Previous Merge File.
- Perform Interpolation; Write to Merge File.

Continue While Testing For Need to Read
In New Panel From Either File.
When a New Panel Must be Read, Save Data At
End o~f Current Panel For Proper Interpolation;
When All Panels Done) Return.

RETURN

Figure A.5: Flowi Diagram for SUBROUTINE ABSMRG.
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! I
Read Panel Data

Set Up Planck Function Array

SYES 
aitn

ISet Up Bou'ndary

SRadiance>

Set Up Criterion For Interpolating Planck Array
Ruad First Layer Absorption Data

Compute Transmission by Exponentiating

YES NO
Loing

Compute Radiance [

NO Al

Figure A.6: Flow Diagram for EYMINIT• '
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EMUP -- Radiance dnd Transmittance Looking Up

Subroutine EMJP performs the merging of the radiance and transmis-
sion layer-by-layer along a path looking up from ground to space. As in
"Subroutine ABSMRG, the 1/1 ratio of the DV's (wave number increment) is
done separately for speed of computation. For the remaining ratios, ITYPE

is computed in FASCODE and equals the value of the numerator of the ratio
of the two DV's. The coefficients for the Lagrange four-point interpolation
are computed and a file is read which contains the information for the accumu-
lated quantities. This file consists of a header record which includes identi-

fication informdtion, the value of the secant, pressure and temperature,
concentrations of the absorbing molecules, wave number incremenit, the value

of the first and last wave number In the layer, and a layer count. This is
followed by a series of three records per panel. The first record contains
the first and last wave number in the panel, the wave number increment ar,d

the number of points in the panel. The second record contains the accumulated

radiance which is stored in array OLDEM. The third, the accumulated transmis-

sion stored in array OLDTR.

Similarly, the file for the new layer contains the header record
and first and last wave number record. The next record contains the spec-

tral absorptance from which the transmission is computed and is stored in

array TR.

The black body function is computed ds described in the text and
an interpolation is made for the radiance and transmission with the larger

wave number increment. The total radiance along the path length is computed

using the formula

NEWEM=OLDEM + (1.0 - TRi)*BBi*OLDTR

where OLDEM is the interpolated old radiance, TRi the new transmission incre-
ment, BBi, the black body and OLDTR the interpolated transmission. The trans-

mission is computed as

NEW'TR=OLDTR*TRi
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The output file is written such that it can be used as the input when treat-

ing the next layer. The flow chart for Subroutine EMUP is in Figure A.7.

EMDOWN -- Radiance and Transmittance Looking Down

Subroutine EMDOWN performs the merging of the radiance and transmis-

sion layer-by-layer along a path looking down from space toward ground. How-

ever, to achieve efficiency it is arranged such that the calculation always

starts at the lowest altitude and continues upward. The logic for EMDOWN is

exactly the same as Subroutine EMUP and the formula for computing transmission

is the same. The LTE radiance, however, is computed as follows:

NEWEM=(l - TRi)*BBi + TRi*OLDEM

where OLDEM is the interpolated old radiance, TRi the transmission increment

of the i'th layer atid BR, thie black body function. In looking from space to

ground it is not strictly necessary to compute the total transmission in order

to compute the radiance bNt this ceature has been included in this subroutine

to make it compatible with Subroutine EMUP. Figure A.7 also gives the fiow

diagram for this routine.
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SRead Header Records

'• 
ES

Read New Layer Absorption Data.
Set Up Planck Array for Interoplation.
Compute Transmission Increment For This Layer.
Read Previous Merge File First Radiance,

Then Transmission.
Use Up(Down) Radiance Formula to Compute New
Radiance and Merge With Old.Compute New Transmission.

Write to Merge File For Use With Next Layer.

Return When All Panels Are Done.

Set Up Lagrangian Interpolation Coefficients.
Read Radiance and Transmission From Previous Merge File.

Read Absorption Data for New Layer.
Set Up Planck Array for Interpolation.
Exponentiate to Get New Transmission Increment.
Interpolate Old Radiance and Add New Contribution
Using Up(Down) Radiance Formrua.
Interpolate Old Transmission and Multiply by New

Transmission Increment.
Write Results to Merge File For Use With Next Layer,

NO All
Panels

Done

Figure A.7: Flow Diagram EMUP RETURN

EMDOWN
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Appendix B presents samples of input and output from a run of

FASCODE on the AFGL CDC 6600 computer. A user may find these pages help-

ful in assessing whether the program has been adapted properly to a new

machine environment.

As pointed out already, extensive use has been made of the BUFFER

IN and BUFFER OUT capability available in CDC FORTRAN Extended. Since

other computer systems (such as IBM 360/370) may not have this featilre

available, we have collected a list uf all the BUFFER statements together

with their identification numbers. This is given in Table B.1 and should

be of assistance to a user whose machine requires the changing of the

BUFFER statements to binary READ and WRITE statements.

Table B.2 gives a sample job setup for a run used in developing

Test Case Output. The first record contains CDC job control cards (SCOPE).

This is followed by a series of Segmentation Loader input cards which de-

termine the way in which FASCODE is to be loaded into the system. The
third and final record contains the input data for the execution of the

Test Case Problem by FASCODE. Table B.3 contains a list and description
of the FASCODE input data. A load map for this run is found in Table 8.4.
Finally, the output priited by FASCODE in executing this job is presented

in Table B.5. To ascertain that a faithful version is in hand, it is

recommended thdt a user execute this test case and compare the output with
Table B.5.

With regard t3 the preparation of model atmospheres for input to

FASCODE, the principal requirement is to assure that ratios of the sampl-
ing intervals between a layer and the one just above it is less than or
equal to 2/1. It is suggested that 3/2 would be a good target ratio. This
can be checked by computing the average half-width of the layers using

Equations (2.2) or (2.4). If a user would feel more comfortable in his
mind that a good model has been derived, one or two extra layers could be
added at relatively low cost. However, it should be clear that each new
layer increases the running time corresnondingly.
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TABLE B.1. LOCATION OF BUFFER STATEMENTS

BUFFER IN(LrNPZL,L) (FTLIM(1),LXIJHI)
BUFFER IN ILINFILst) (FIL~4rlit,VLI'4WIl 00079'
SUFFER OUT(KFILEPL) M~OMt)INLAYER) 0025400

to AUFFER IN LINFIL,I) (VHIN#NREC) OL3660
BIJýF!R IN (LINF!L,1) ( rNU(Tl),tGNU(I?) I003710

V~ RUFFLE TlN fLINFrL,1) I G"U4!1b,"OLILI41N) 00 O37 9%;
BUFFER OUT (KFIL!T,LD CV1P0NL TN) 005250
BUFFER OUT (KFZLE,L) (FF P4LO) FF tNNII~r2'
SUJFFER IN(KFILE,1l~I(X0 91,'Ic(2)) G090400

ZE60 9U7FER OUT t 4FILE IV) ( X 10h(1) ,NLAYE) OC906O
420 SUFFER TNW7FILE,1(X~rfl1hNt.AVER) CC9080

BUFFER IN(IlLnfl,1(OVIp,NLI4O) OC9190
bUFFEQ IN(?OLO,1)(0UMF(l),flUMF(NLI41i C69210
3UFFER IN'.KEWI) (v1P9NLI'4) OC9230
BUFFER N(lq W01 FF(1 : N M 1 c09e50
SUFFER OUT 44FL E 11) ( VIPNL IM) C9290
BUFFER 0UT(MFTLE,l) (FF(1),FF(N4LP4)) OC-9310 !
BUFFFR TN(IOLM,1) (OVIPNLIMO) CL955.

311 ctUFFEP IN(IO~f,1)(OUMF(1pOU4F(NLT'40)) 0 vs a0
AUFFER IN(IKN[W,ll(V IP ,NL r4) .1L 962 V

330 BUFFER IN(K'EW01) (FF (1) 1 F( Nt.IM) UC4650
BUFFER IN(!O00,t) (OVIP,NLIMO) 009~920
BUFFER IN(YOL,,) (fUMF (4) 10U'4F (NL T40) La 997 0

19C BUFF!R OUT('IPILE,1) (VIPNLII9) olclTO
370 SUFFER OUT(MFILEl) (FF1-) ,FF(NLI'4)) 010190
160 BUFFER PNIKHEW,l) 4vlpNL!M) C1025c
35ý SUFFER IN(KNF,l34FF(V),F(NLINl) alc2Ou

BUiFFER INW~ILE91)(XID(D04'LAYER) 010720
lUFFER OUT (.4FILE,I3 (Xr0(I) NLAYEP) 010740
SUFFER IN(KFrLEt1)(0V1PNLTb'O) 01-760

B'JFFER OUT(4IFLE,It (OVIP,NLr40) 010360
SUFFER OUTeIWILE, 4) (E'4lSS( 1), EM!SS (NLIMC) ý11330
9UFFER OUT(MlFTLE,l) (FF(1),FF(NLrh40)) iI0
BUFFeR IN (LFILE,1) (Xl1)(1),X!0(?)) 0117po
SUFFER TN(KF!LE,1)(XIO(±) INLAYER) 011800
SUFFER CUT('4FILE,l) Uf~ln(1NLAYER) 01182-1

q35 RUFFER IN(LFILE91)(0vl'Ps4LIM0) D±1950
qUFFER IN(LFILEst)itOLrE,4(1),OLOEM(NL!MO)) 011970
!IUFFERt ZN4LFILEPl)(OLOTR(1,*OLOTR(NLIMO'p , 1199Z
BUFFER IN(LFILEt1 0%V1PvNLIMO) Z4
SUPiFSE P 3NIF0(L .1vflHNT') 12480
5UFFER X(LFILE,1) (0LCTP(1h#0L0TR(NL'0O)) 012530

BUFFE R IN(LFILE,1) (OLCE,44V),OL0EM(NLIMO)I 01 31i0
130 9UFFER !N(LFILE,1)(OLOTR(4),OLOTR(NLIMO))) C13110

I15C 9UFFER OUT(HFILE,1) (V1Pp4LI14) ý±JLzu
BUFFER OtT(p4FILr, 1) (NEWE,441) NZWFH(NLr'4)) 134'.
B~UFFER CUT(MFILE~t) (NEWTR(1PNEWTQ(NLrm)i 013460

360 4UFFF TN(KFTLE,1)(VlPsNL14'L133
BUFFFR IN(KFlLE,l) (TP4I) ,TRe'lIMPO .16ý

HUFrFQ r4xz~i(r)tLY~ 01459G
flUFFER OUT(FILF ' Xot)(xrowNLAYER) o41

535 OUFFER IN(LV!LEo1)(0VlPvNL!m0) 01474.0
SU,-'FER 14(LFILE,I±0(LF)EX(1O0L')F4(NLIMO)) J14?60
GUtFEF IN(LFILE,1) (0LIrTIU~bl)9LfTR(NLIlNO)) 3147803
R;Ut ER rN(LFILE,I) (OViP,NLXP"O) C15270

483 BUFF ED rN(LFILEi) (OLnEm ( 1) ,OLn E M NL I MO)1 415250
SUFFER IN (LF ILE,91) ((it O ( 0, OL OTR(NL IMO) )
SUFFER IN(LFILE,11(0VlP,~4L!M01
4UFFIFR INML'LE,l) (OL PEM ( i) 0 L GE M ( 4L rmoi )

4? SUFFER IN(LFILE,l)(OLOTR(i.),OL(ITRCNLIMO)) £1l S&C
150 OUFFER OUTWtFLE91) (VIPNNLVA) 31 t)5

SUFFER OUT(NFILE911 NEWE( 11 NEWE041e4) ) 31617.
BUFFER OUT 1NFIL-- 91)(NEWTRg(I ,NWrR(NLIM) CLC9

360 qUFFEQ IN(KFILE 0 ( VtP,NLZ'4) 016330
9SUFFEQ TN(KFlLE91)(TR(I),rq(Nt4LT 4)l1
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TABLE 8.2. SAMPLE RUN DECK FOR TEST PROBLEM

74174 OPTat FTN 4.6+425 31.7 164a

CL('UGHM,0M57700,T48. FASCOOEL 2 4 f'LOUGH
ATTAC'HTAPE~',,CLOUlq!lTO22lO, lOuCLtUCMMPUI.
4QVGEST, TAPEIZ, 'PF,
A ITACt H, MRACL , !t0aCLOUGH, 4Rw to
FTH,!SI4ISACL ,SL ,UaLcl.
ATTACHH !RAC'O, ~ro.C'UGH,mPmi.
F WN IH I RACn, SL, "fa M. o.
AITTACH, VGOFASC CIOET Ol'LOUGMIMý. -1.
0EWINOOUTPUT.
MAP,PART,
LOSETvPR!sFTm ItOEFP.
LCD CVGO.
LOD D,LGO.
LOA C, OGO .
SEGLAD
SWEICUTE, FASCOOC.

FAST TREE FASCOCE-II41ACVqHTQACL,HTRACO, AFSMRG,EM1N!TvEmUF,Et?00OWN)I
HIPACV INCLUOF SHAPrL,4qHAOcOVOTCOMArITLECONVFNV,PANIEL MrJLEC,(IVRFAC
MIPr~eL 1NC'LUOE SHAELQOFTLEC3NVFNLPANELMOLSCotaVRFAC
HIPACO TNCLUnE SMD~RFLlOVNgAErkLCeQA

!NO FASCOPE
COO

I APPOTX TO KYILE fFrPOT,...MT')LATTTUr,0 SUh4m~q

Is
2~3950 210S,
273o

to
15259 6966 264.376q 4oC0 KM TO 'PoGC K-4
9.!OOF+21 1*439E*21 2*611E*17 1*195E+JP ?'.231E+17 6.~3~31F$1 a.942E.23 3.'134F+24
332o$741 242.7476 7.Ofl Km To 11.30O KM

197*56 44  222*4715 1i.Ci0 KM TO 1400Q K-4
6.16*1E~lq 6.262F+20 9;.3gtE*17 5.0j3E4,7 1.42!E+17 3.0035E+13 3.?F+1 I 6

1240100~ 216oCCCVO 1*4*0" KM TO 17,3C KI

77.2771 21649143 l7oO) KM TO Z2.."O K"
5eC45E+18 Z.qRqE,20 t.r'5i.E.i, 2.129E.17 5.7'%ZE+16 1.2I1fij1 r593E+?3 50936[4Z'3

36.6'113 ?23.SA96 2C.ý! Km To 3.10O K4

8*3'.02 24 ?*.Q6'l C' flrC KM TO 0o .('C KM

20 ", aq 26,16277f" V4s* KM TO &45 . W1 K4

16155n' 267.2521 4S.CO KM TO 54o,!t K "

.2742 255.46215 R46 l~m To tnlj.30 KM

4o745E+1'6 4.0ACS I 1* L176E 16 3*4647 iS 9*276E- 14 I.')79E 16 2.541E Z1 9o6495 21

90



TABLE B.3. INPUT DATA DESCRIPTION

XID 7 elment array containint text. The text is

printed with FASCODE output and is used as a

header for execution time plots.

IHIRAC 1, Voigt approximation to line shape

2, Lorentz approximation to line shape

3, Doppler approximation to line shape

IEMIT 0, no emission calculation

1, emission calculation performed

ILOOK 0, emission calculation from ground to space

1, emission calculatien from space to ground

IPLOT 0, no plot

1, on-line plot

2, off-line plot

3, CRT plot

4, graphics plot

ISCAN indicates parameter to be plotted (use if IPLOT#0)

1, absorption coefficient YY=YY

2, log of absorption coefficient YY=ALCG1O(YY)

3, transmission YY=exp(-YY)

SECANT secant of the angle betweenolie line-of-sight

and the zenith

Vi (lower limit) specify the wave ntber range for the output:
V2 upper limit) data
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TABLE B.3. INPUT DATA DESCRIPTION (continued)

TBOUND temperature (OK) used to compute a boundary.

If TBOUND=O, no boundary is computed (currently

used for looking down)

NNLAYR number layers + 1

MPVE average pressure (mb) for the layer

TAVE average temperature (OK) for the layer

WK array containing the molecular column densitiesV211 for the layer (molecules/cm2 )

H20 02' 03% N2 0, CO. CH49 02

IF IPLOT=1

PLOTID 3 element array containing 30 characters of text

used as a beginning and ending banner on pen plots

VI th0 range of wave numbers over which plot will

V2 made (cm- )

XSIZE size of X axis (in)

DX number of u,1its of X per inch

YMIN range of Y-axis
YMAX

WWSC the constant k in the expression y=e ky
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USAGE NOTES

1. The user must structure the input atmosphere such that the rvio of the
previous DV to the present DV is acceptable to FASCODE, (see the sample

input data).
,I

2. The program is written for execution on a CDC 6600 computer system at

Hanscom AFH. Accordingly, the control cards input/output statements

and plot options need to be tailored to the user's installation.

f1It
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THIS PAO IS BEST QUALiITY MBCTTLCABWI

MOM QOPY FWLIISMIl TO DDC ~

PROGRA" 'PASCOZIE(IMPUT2133fl'jC0,OUTO' 8138/100,tTAVESEINPUT CocIlo
r ,T0PlEuOUTPUTqTAPE?, TAIDEL0,TAEIAPEll-0121 50011c

000120

C FAST SIGNSTUDE COIleE13
q C 0001140
CP COMCeTR(21099) G00150

COPwON 0001060FOO),S(25

COMIODW/"AIN/ KFIL!VOANE1.9000140 MPO

IAC nWVIV2vNLhmYfR 000190
nOPNON /SUflIO FIH400ML01)MLN~OPLNDV14 000200

WI'OLE 7 OC022o

ITYPE-1 ,00023
1s P001013. 0tcelso

(PANetw L1000260

LINFILa', !CC270
"MFE'12 CL 6M2S

PC LFTLEUII cratio
KFILrulQ 00c3fla

NLOY!BOP 000310 V
'PIN' oneC cc 320

25 C ('0 03d.0
C HIPIAC *I CALL NIRACY .135

C THIPAC 2 CALL I4IQACL 00 0365

c INIRAC m3 CALL HIPAC!' OC037C

30 C IF ISNIT *EC. I PROGRAIP WILL rCCPUT! !'4ISSIO, !C0390

C ILnOKEI tCOKI'4G FPCM SPACE TO GROUNf) FOR I5N'FS7CN tr~r

C ILOOX80 LOOK14r, FROM GROUND T0 SPACE FOR EMITTIC4 0tc'.2
C 0000430

3S 'Ear' q209 T'41RArIE"IT,ILfOOK9I5CANTPLOT c;h
If fIEVIT*Eft.0) XIO(7mi'(m ANR Ck'aEWF 05

IF ( 1IIYITeEnal ) *ANfl. (TL'1OKeE'1*0 ) XT017)81^,4 EMISS UPOr0b
IF I (IE'9!T.El'1 ) *AND. (!LOflK.E9.1) ) XTOMN10lM EVISS C)W' z00I.7c

dog CPINY 92.1, 141RACIfP'I'tILOaWtISCAiN,IPLOT
PcAD q9t0,SECA41 ('00500
POINT 95P,5rcAN1 :t C51'

45 C TqOt(UIO IS A E"PEWATURE WNIC'4 WILL MF USED TO Q14PUTE A U1,

C lOU4fl R V WHNE tSOONO a 0, NO ROUNDRY WILL Se UME. rst

PRIOIT UF, " VI , (12 - ,IV (11,112
sn pS~~r mtd', TPoUNC ccq

PRINT 0, " TROUtN0 - TROUND Cc L.j:

qUFFER IH(LI'JFILs13 cPIL~n'(1),VLTN91T) "Lcf~ilo

PRINT 1'0,1 F~t4r OE 06SPE
PRINT Q05 CV6

PRINT 9to, (NLOIOICIUPPt000067c
POINT 9?70, VLINLO,VLINHT cae

00IF(?4(M'hLAYR#2)elE* MNLAYR) GO TO1 W.' CE CF60
MSRTOUPiFIL! O0t74a0
"WPILFeLFILE 00071V

*LFIL'!w.NTOP 3( 0720

l10 CeNIINIIE OLcc7T

65 IF fIEPIT.E'2.() ICFItEUNFTLE Coa7'

11O 280 voI,"MLAVP RC5
POINT 900e a!0bc

IS wvLLm 0 000770
PEWIN') LINFIL 1007,0

TO BUFFER IN #L1NFI! .11 (FILNMO(1 LIMMI) C0!0790

IF (UNITfLINFIU) .Ell* a0 STOP 6Ao

4LAYSRuNL AYER'l lePIS

PRINT U, " MLA'!EP M LAVEN otlS?!
IF lX.FCtINLAv') XIV(0) ~m1LA'cT LAYER 003
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THIS PAME IS REST QUALITY P1RACICbJLl

To "iAt 9%lopavrT&iVI M%

Inl OLSDYGo 4660159

AVIA00e*19t ALSem * SORT t ALGAROALSAR *SAsRomuI Bootle1

?P6IWIRACe5.ll DWMSAS#,414 uSO"$
CI lU"lNA@.tllSI OADVA41IS. 01Ufbeul

law COM0IUV Its"$S
naI!Wt'r~l"T 0o* a "gov Mo
It tW~SvtP%%fv1S 60 iT 131 106976

C OW 13 ASIt090o isK Odi. 1 161050
to ISCALOAL56U16eI - Is 490,01

SCageig .60MAL Moo$3

tISN vnAL *L I.% I
OVINT. 9 eCOPLOT1DV at ,4

is11 TVt*ie, 0113I 140
IIC T0160* to @01I$1cttl

I tII .10 II O~ O 1eOL'IWPLAT(?i(ION0 $VPOITYE Mose

SOVI *6O 1,31 01 TO11 blo

OI3 95 841140

!IFI"q#Cg0T ALL Ott.It 0C7

so TO tI" ol

IT OP 3130101C1

C OI

155 SwiW I It11

goto cowt OL111

so6 TOPleO11

its Ie r047twulO1144



tHIS pAGj 1,S BELST QUALITY PAXCM

ISOI.
10C 6011960

C6 0061

Ito FOPI~AT4i6791 401610
030 FORIGAT11M@,ISAI6Paca~
Ike IPCNwA?4~ 10t 110A?**pqeoi

tee toe RCRMAT191XAG93W 0 *It) ~I
tie FCPWATt'06 LOVEST LINE *F*IO*3** HIGHEST LINE FIC-3103 60170
too PORnATIO THR RATM of ota ov To "C" Ov twetgos 1.0 0 66141

EN 40 1736

EN 001M3

CUSUIE IALCULAIT93 40NHOATC4SOPI1 O1FC O FRt 31.* ~iS LAVR *Ot S 0

* OCI

CtoCUSAES APOWOCWIqATTC VIOPTIOT AL ORI PTCIM 00 3hG1632I* ci

11 64

of**ofOOUAN 040"004'sITWP 661916o*4o*4004 0000 **0*944 f o6 4

CO14NONINW48JI 0(20 9 L WuIO (296 1 oT.PA1fYAV!,OLX0V 419P EP 1 061916

21 0111911,0290LAYER 061930 .
COMNON IVUS#qILIMtNILC.iW,1tV6OT%,WTOPVPTI[OtOPPANIL,5STOPIOATA 0u1941
COMO m 601910

t1 CO""ON IX9A"CLI castlePLNSTP.PT 016

COMNOPOIVICOIe AVRAT 42011 POL(O (01 002000

30 0 @8133
DATA "Wr i ki OXF I 6.114,i P /1104, PW"Al #'Ill 0604.6 h
DATA HMVS 16/ fit EI. *.ml, "ISIMON1/. m WIA/151II Notes$

31 DATA ItwTit~ie/ LWIWI6SIe, NSNIFT131i, NLINPIE4.61I, POPTII I/ 663660

DATA sUsID i'16N "loSt i 6616

IF INtTrieA.NE61 so TO 16 06311
41 14TI~st 66I313

NLINSm 4 LINJ4b) *1 60314b6
* PLINvSm 40NO.1143^1 41 063166

C P40TE 40111SIDWP) 13 it AND 1010101111 1! 4. M631*
4ON90mFPL0AT(WWVS) *1OPV./!JXP 668017

4.1 PAWFOR! RWPONSOUNO 119l K
WAXSw WAXFI4.)41 603l$@

- MAE v~a(NA34x/)# for66te@
CAILL VO300W est31e
CALL INAPILtNPoWS9XE) soot"

16CALL IW1AMDI 142)I $$nlS
CALL slit"OIOWOIPOTV,6PAISOAL~6A.~1 61.

It POIT11" 9o 6633
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THIS PAGE IS BEST QUALITY M~ACTICABLI-
F"O ODPY JUWISHM~ TO fDD,

PRIN? TI 11"t D ISUS1126
I !'9POPITINCWVOTIWPWL89. @Carlo

is PRINT 901. 41312)Ita~lyT17) 002260a
110731 842360
PRINT 913, WPILE 3Cas1$
PRINT 40M1B, SNA? 642329

PRIN? Inv, INWILI9419RIM19 PalsdmIW OU)180
PRINT 944. SW.Vt9V1 032353
DV,.., 812360

1.5 DvVins 5314MIX)@W1 012360
SOUOsPMftae woum 'Owi. 692390
sotmvwonuito OEV&D3
PRN 961 $Gumv 6024.10
AL11"AMEUSUWD/LOA? 4NMV21 0034.20

"P LOW9SNIOU8. Sclibs I
NM~mlaLIW#WmiNIT-1 OC 21.80
00 Is 1s1,WAwF 002100,

~* P~I)SS.002460
0O GS IslemaIs 4CE470

Go 66 FI11.3. 002460
DO 71 lull,MANVS 002490

To VsrPIItu. 6625600
C 502513

* WRITE WNILE) (VIODIT) glut 971 SECAWTPAVITAVI,(WWOLIO(10 ,ult ?1$ 062920
60 '(NK(I),IIfN"OL1,SV9V1,V2 553530

SUFFER OhJTIKPILftt) IXID(1)ONLAVER1 Der51.0
If tUUIIKFILf)*1OaO) STOP "99' octso

65 VOTSVI-SOUND (A25se
VIOPw~rqOUWO omr590
Wff06I. 69516TEMPe 002610
3K? ue.69514TAVE 0(2620

CALL "OLfC(2,HMO10"0LIDWNYTrP0,?AVEPaPAV~,SCOR,ALFCOR,Aa.FOlý 00264.0
n~o 80 F`INWOL 0&2650

as Uqp1)*~KwtM*3CORI'fl'SECAWT 0ý 266&
104.?. 0002670

95 SUWLFUS.002660
Suqmflat. 002690
04CO4146 00273

C 002710
to CONTIM11 OWE272

ISO C 012730

Its CALL ftOFIL116MU*SALFAO,CPPtqOL1 028
CALL SOCORO hT1"l) 0(290
TIWROPETIMPOPT !MI-TIM90 002900

C 002610
IFfIIEOY.R!.) 60 TO 11.0 002620

lie 00 M8 eLII0230
C MODIFY LIME DATA POP# TEMM!ATUREPRESSURE, ANC COLUMN OEMSITV 00264.0

M0 130 (aI) O1 0028bo

115 [FCPTVhI)mS4I1*U(1' OL2866
IF (10PDTM(Ih6LE.05) to TO 110 002096

ION?. CN?.1002900

&ILPAOSSNU4116ALFDIEP) 002920
its 2fTA*ALFL/( ALFL*ALFAO) 052930

ii. 1:36. 'ZTA1.5 00294.0
ALPYOAVAT II 3 ALFt 0(-2950
IftI7ettelV1) ALFY.AVRAThIZ)*ALFAfl 002960
TF1ALFV.6!*OY) GO TV~ 110 192973

its PRINT 9145, MMtI,)Ar()APVMole9I
ALWFwCV 0(2990

116



MIS PAQ.U IS B&ST QUALITY PUiCTIC.ABL
PDAM OMY~ 1WFAIHUh4) IN) DAQ

ISO IF IALFW.LW*ALF"AI1 so TO W) MoilI
PRINT foils ISNU~II)31)LPA041) ALFV0ALPHAWsK Gý st.10

sue P~ALPWACS0401

aeur'1wIhI $stop?"it t421 f.Epo II* WTP'2C) oftOALPI? 11 *coase

13: OGNTIWJW0813

16 C XAI,!lCYA) at 3$ SC
C OV3190

IPIMS.E,)60 TO 190 063too
SSIC 3210

199 CALL PANEL £VSYP.PIE
13C oc,31 3L

CALL U CONO 471119) C2.
KPANELONPANIL4l 003ts0
IF ETSIOP.NE'1) 60 To1% 003M

RNO PILE WPILE at 327

III ISO) CONTINUE 003400
PRzINT ,TNIWUICVTNN 00329A
IF 4C1MILE.S) so To lye Q04 3uD

AV4LP.SUwALF1FPeA1 I(ENT1 0MC31
1VZE1A9SUw~tTIVFLO4T II!NT) 0 C 313 C

16 PINT IGO ,AYALFqAV1ETAICmTNC~*4' CMv303

C CC 3340.

Spe RFTUPN 003350

C 0(33&w.

C IV 33?C

Ito PCU'PA¶IP OUTPUT FILE NOa. 211 1%) 1,34

111! f0Ix'A7I's ITCANT 64 F9S11.) 4CI

its 'OPWWAT1*0 PWESSI'IS) so F11.11 *S TE140IE) me 911,2) '1ý4

930 FOR"A1(3040 COLUMN DENSITIMOLCULIS#CW4?l 30s

1 It 149xsA6, 0 a 0I190315.) 0 CCbt

sib 0 FOR1647460 OyCIt1) a OVII .8.#3 V1104-0$ a OF12.46.0*2 'il4-11 a * SCAY

170 1 911.0) OC34*0P

90? PORNIIII'NO POUNOV3IC14-11 a VW6441 0.1.1

160 P094051A 0 WR AEAS! WIDTH m P10.I AwtoASt 1ETA a .1F0.59 00314.0
PS P0 NOLINES a *2101 NOSCcal&aele O

C0' OCOLNSaI0 O.OISI 15 I03110
tw MO 53070
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28PAGE 1 DISTB QIXALTT PPACI'10A11
7mmOW oY FURKISaQ TO DDQ

CONN"o IMPuILI wtNtL 092 "t *VSIC VTOW OP7TO Ip SIPAN6L $II p1 O ADT a 4931"
COMONo@W f~ IU III VWNV"AE, WtC losses

9 DATA0 L3W735. 130, t1 We H 111 49 3610
tuns1630,161

Is RggEAD *LItItU WNIft"q t elifttW~

to WUPPE IIN ILRNPZLeIl qvN49RWICS 39
IS It tWNRTILIMPILl Me0 I6 030 TO 63 loss"1

RU W~.S.L Wt) OP 0 LININ 3336sea$
IF (VIA16.,3.V90? 60 TO as 3Mess

A *V LRWPIL1 "lot 7ar0
as ~ ~ ~ R IF WRIKINPRLI .10. 1 )STOPat31

1 3 00 4LINURLl of471.0
Ul lUOI IN ILUWUIL:£ i6olo.OIHN I f~uU PU 14011093730

RIF IWWRIN.6.VOOTI 60 T0 to 437149

tw~st0033163

60 CONTtMPI 303330
70 RYIRHRL?.W9EC IVA,.., 003603

IIUPI. C 3900
so pp!"?ts93 003910

3SIRF071 CO"It

C cc391.04

suspoullNI CONWWV ?16174. OPTuI VT" 1..61.126 W3IWI'

SUOROlJTIME C0MvrV pM#t6WU.PPM,RtCALP.001.0y Po.SUrvS, ,VS #xvS tyo$ W1003
( I FIAOI~T7TA) 0(399k

1AX 9614048 j

COMMNO 13.1111 '4AWF.KA $39 AVV9LIMW9ML INS, 4I~PVS, M LO,WIR lows OVVS JI1.050

10 CowmONIVOICOIIIAVIIAT~iI calls 13 301.370
DIMENSION FF41), SPI&I. Will1 001.0904

DIMENSION X010 1041.16
02011"320" ITITAMO,7~tEI)A 60,1130
CALL MO~NO ITI9131 30111130
RAT VEUDVVSIOX VS 01441410
U~wVSLOAT ENVY!) IDWV 3814111
COMPSOVVION01 * 0441015

t0 COMINOVV3011ItW-I.61.

17IRLO.ST4Tt*5t) SO0 TO90 31.1%13
00 1. tmILRMI0441319

O'PIMUIPDShIR) 01180
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y"IO Copy FlWU4IsM TO DAQ ...

?SL OP"' uiCKMTOW'UIY III3

Z2W!. 16010 41 -WI 110MV 304261,8
39 101VOIFV1/ZOPff 0116047

IF IJWANA1914AWVS) SO TOE 36419

Lso To so040100

39 Is J1410142INJW-61PISI*to 843264
JWUflTS I604.133410

ltIlIFLOAT 4J"W111210) *ICOWQPRILP 6.0

!Fu !F!SOP 04J11041043443

lvi. 21012S2LWOPI 00..t10

4. IfeapI.SLOI 00443
ZI1111691147Wll16 004.4.4.0
T711AS12475 1M.9 004.4.0

31 CONTINUIE 504002
406 CONTINUE MOW51

99 LOSTMIVI 004.530
C IOATAWO FOWORE 0 )11* DAT 4UIREO ** 14.711 IF 00O 9Oor Data RECURRED 304,530

ZPANCLOIDAT4 .49.

go T0 16 051.950
* W CONTINUE %0 4.:

60 ZLO8!LAS`T#1 00,.560
CALL SfCOHO M049) Gk 4.91c

69 C c L 462 t

SUMPOUT14F PANEL. 716174, OpYWI F101 406+~42t ?3/14./7

ISU9*OUTTWE PANEL 00FSFVIFel(FILE) 044.
COMPOWINEWI NOi()SCI~,AET~,~LI()WIl

URNUNSION cF1) SF6),VIII

ORKENSIOW S'STO046 0672

CALL32COMP 71090

WI 38-S. 1120Sa
is WIDE-t. 116.

*NWHIU twe-VFT) Inv*$.90#61
IF 414N416t*HNNN!) ISIOPIRS 0044620

to IF 1RSTOP.E').1 MNN!WOZ 46404630
J149Pq.NL0.NWS 001404.0
jjpSUNwI-NTs 004,800

* LIRLOu(NLO1)14.-3 00@4.600
1.1IWIUINMXI4.) 1 004.670

Is 4ý SLOW FUNCTION VALUES 1WEEDED TOR SUSSEQUIN7 PAHIL.VS &PC SAV!' 064baS
On) 16 jet*$ 00sbiD

10 SS7ORtJlm,.W(LIWMIJ.5) 004.90
"Ct 29 JoLIMq~oLII41,4. 504.910
Mat IJ-11 14#1 9(4.928
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THIS PANX IS BEST QUALITY P2ACUICA,"I* l

WRUmsINwC PAWL 7047% OpTuI FYN 4064 *IM9iA76

s fioJuspA01p)" 004u936

55SF(l) I IIuS(Jit I I OO@VsPijWs.I).X9I tVSFJS.u'VS; .1~ %v -tvII "OX"sp'S 004.960

1gygg 004,910
to CONTINUE deso~c

to 31 JOVWLO00W!,44 009010
ism I J-1 If #4 1 $0 (St.t

4IF 4RPTIPS*1S.S) 00 TO Go stsase
00 ##1 J0sWL0.JIWPR 09
vPM W1FL OAT IJ.11)'DV HcIM

DOSS J~jjPRW"If U9120
of Vp*WT.PL0ATqjIJ-3*VV It 130

is PRINT 903, JqYPIJ~qVP 00511.0
to coutiwul Mite5

00 ?1 Jolt$ 009164i
To SP 4 wIMJ-1s ISSIoRIJI Moire

NL1HW.Iq-14.0*i 065160
VIPOWVITPL0S1INL@-11*0V91
VrPuVPI OF3AT4104? WW-1 1OOV 009260

C VIP IS FIRST FRE0 OfP ANELV 049216
C v1. 13 LAST FRE0 OF P~IELV 005220

60 3 wall[ WKILD) Vl',V2POVPWLPI' 0(230
I WR!?! to(PILEU IFFPilJbWLOWNI)l 0052140

DUP990 OUT? IRFZLE,1 IVIPINLI11 ESI
IF lummsikePR .$a. a I STOP 005 LAO
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Stp OUT IW! MIRACD 741174 OPluI FTH 1..G+1.24 W31'IW

Sig fPogWAT40* SECANT a* FIS.S1 00.1*00
"a2 IPOVWA (0101Pft0.3)1 001610
125 Po0*iA7(0' PRESgoras a* F&I.51 40 TCW9PEK) 20 Fl~t 001620
930 VOASATMHPO COL11"W VENSTTY(WOLICIJESIC04"El

s'.0 fPoSAT4o. O(C10-11 M ~2S' 1CM-11) * 7.2.1./'0 VEC0C4-1) 6 001*50
I fit*%) 001660

142 PofWAT1olmO SouWD#F 4CM-I) a ,70.1.) 001670
55 Pot~rlY( ---- .......... -*V1SI.EI.401.5, 571U.*S) 0016*0

160 %so POOWAT to**~4*4**t44**7U1pl.3II.i5 0&1610
955 POQWAT (101409 OX9 TIZO 91 IX**RAD*, l *C0NVOLUTIOW#,18 xvPAN Loop qC17ac

966f FORMAT 400 AWRAG6! WIDTH *F'11.1, 061720
C 0 WO. LI499 *'110, No. C04ANG93 @Ile0 0017 3C

1*3 970 FORMA14IHOSWA16) 0617140

SL03OUT14E COiVvF40 74/786 091.1 FYN 4s"42 43/.2S

SURROU?!NE C0NVFNI)I6WUEV04PN49tECALV,MOL,7VSo) 01*
COP090N.WEW/ 4"LIl()SCNoA~rTV,40T(1W() 0-177C

C t)WOV.91velLAYEP 001760

COMON~O /7StJ/LIWTW,!LO,INI,VW!T,VTO1 WFPT.ItOF,IPAWELqI.T OPTVAA 001790
M -OPON /Hwy/ NWWVOW ,WP,4W 94S9 OwSpHS ONIVSOXVS ,tdVS, NVWAXNS MAX, WVIW 001630

tax 06181C
COMMNON /Suelf NAWpWAx5,NA('SNL0ItNLIO..,NLIPVSWLCNl~oOVScvvs 00182e'

CO.4P4ON#IyI~~ /? IMF TlmNffl, T1MeNvT IPut 0 18 30
othEW!ICN G"U111, EPOPTI4II, RECALF41#9 FUFM 3L1S'.L

P1IWNSTCW lOOLl 0016*0

eALL SrCONP (TIMMO OL 18%~
PATV~ueWVS/"lVS oriear

is Co:F.fCvvSiflv.. aciajo 'I

20 ý 2S wEfCLO#14 DeVr

Ir00'P¶M7.oL!.fl) GDO TO ill0644

SPVSm PV!,'7SLuPt 0V 1STE

IV 0.rnAK.Lf.MAXV3) C-0 TO 20 Q00199

ego TO " CO 201r0
20 JMNu l.02NT-aFVfR)*2@ 0.

j1PIN'.02!ZNT*('ONFI 00203'

2V ou 0PL CAT U PJNI - )-21 WIN) " M OPE9 oc0 4020

30 ZF*?V34 IFLOAT0JPWVIN.FZINTOCONP) ZSLOPE 0(2050

JFGJPIINP4JJ OLZ2070 b
7Pm?F+P.? LOPv! at U, 4
IZZSAUS0ZP)41.S 002090

I0 CeNTINUE catt10
1.0 CONTINA'! Mile2

2LA1YTmIM1 00213C
C TOATANG FOR HOPE 0000 q21UIREO TOATA81 IF N 400 MOREDAT REOUIIED C021...

1.0 K~LeM1DATA 4 Ctiso
s0 To 60 COMO*

so CONTTwUl 012170
IPIWELVl 0021600

*0 ILOBLAST4I 00p150
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vais PAGE Is BIST QVJMA1TY hA

,u!AN,#AOUTvE'WLI 47)WL (FrK(7, 002260

CoNHwONhUl 4p WAEU"",L,WA I9V6OT9VTO*V UlF HtOF PANELIITOPIC4Aa 002260
CON"ON J*$U$If"Alr,"AlllLA VS, N.1PI1,1LI"31LO,W10OWAS 0VVS 061.290

rOPPON #WXPAWFL/ l ,EWLNW!?wT 002300
CO"WOW#KKMgflI"gTIWNROPTI"WCVTISIP.A 062310
0!WEMIO.14 FoP(l) OL2320
CALL SECOWO ITIWES) 00233C

10 zSiOP69 002340
"W"H41mVP-wT)lOVf1.5 002310
If 4WW1.IO.WqWIIl ISTopeI OC2360
IF (ISTOP8146I 0MIUWMI 002370
JWXFSSWLO*MPTS 002360

19JJPpawWI-w~s 002390

LIW4LOw(NLO.1) 14-3 002s00
If (NPTS*1O00) GO To 60 0Ct1242
00 1.6 JmNLOJ'4XPR 00243r

t0 VP3P~LA(-)O 0&24410
'.0 **IPNT lot, JFU(j),VP 0021.53

00 130 JeJJPRWW00 2H6
VfP8W7l.?LOSTJ-1)*OV 0021.70

so ý'WINT 900, JFW(J$,VP 002480
2560 floWTIWUE 29

30~ml NLN 002503

35 SUFIP*VTfOUT tl(7LO-i)* cc(LOP( ) 0259"e
?sV'FT 1OAT tWLIWF.1)GOV O02r61~

SIO 1 FISTO.tO1 FGO TOF 11.0L 002620

IF JIUNJP*1 E60 0)STP 002580
3s SUFE U JmFAFI!) r(DFNH) 002670

IF FIJUNC.FL)oE*C)SO 002660C
1. TT"#ri'NSIIITtN4I -)O 0 (2690

C FM 002730
9,J)GFi C 0265.0

Co juj~ 002750

Ike COUALLSI W (ITS26,5PI,) 2 002760

C N 002770

143



LISTING OF HIRACL SUBROUT'INES

145 ' .A



THIS PAGE IS REST QUALMT P3&1'IAXI
)ImH OW.Y FuxalIski 10 DDO

SUBROU~TINE ~4!RACL 74./TI. OpTul FYN 44664126 93/117il

IstUllpDUIw7 HIRACL 444100
C 060110

C 3009120

* CALr.ULATES 0HONOCHROWATIC AVISORPTION COF'OFICIE"I FOR SINGLE LAVER 4400160

t6o USCS MZPACC AL.GORITHM4 FOR THE LCRENTZ PROFILE *000110

et O 0002001

C frDPTN(t5eloreCALW(ptl) COMO5
CO"NoN 0ft(36001 ISF(lool OVSF(22sl OCC260
COI4OWOPAINi KfILEEPAH!LvPO,714qP0 000270&
C10"IdOWNENW/ N'IOLXTO 1) 9SECANT,*PAVE 9TAVf 9 1qOLIO ( 71 ,WKt ac, p026

26C qv, v1,WHLAVEft JC 0210
COMMNO /XSUStLIW1HILDtitV9OTVTOPVFfXEOFIPAN!L ,ISTOPIDATA 000300
COMMON4 /IIXXI NNX,;WSSN3NIOVVFMwH'AV 903iC

lAX 0COM2
COMMON /SUSI/ "AX~,MAXS tixvs RL IM4F* ML XI 9NL111M, ML o Wi!,o VSv rVVS 000330

25 COMMON IXPAI(ELI VIP, V2PUVPHLIMHSHI!FY,NPTS 00034.0

DIMENSION ALFCOPI?) ,ALFI(7lt),U(7),SORI7m() O
DIMENSION F21,'(21,Vt5 000370

C OCESSO5
so DATA Nuo / 419. !NKF / 0002/, HF /201/0 NFWA2( /251/ vk63C

DATA NUS .416/, DXI .4 coca/* HS /201/0 NSMAX /25/ G04.00
D3AIA NWYS/641*/ OXVS/ 0.32if, 'VS/201/, NVSWAX/25i/ 001

C oLu420
OAT& IFNTER/Cf, LP'IN1250f, 4SHIFT/32/; NLIW"rr 01/, 4PTS/ V/ 0004.3C

DATA susin /jim MIPACLI. D(C45
C OC446a

IF IIElPTEV.HI*0) GO 'TO 1TI ccCr
1ENTE Sax 000454j

C HOTF t(fvlXioxF) is Is AND (DEVS/DXS) is 4. 0C.0510
HWOUND.FLVAT C'4WVS) *CDXVSIDXF) 0C0el20

MAKFaNWLIWF#N90UNDl 00030
434AXSuw4AXF/e, 91 00054.0

CALL SHAPELI XFOVS,xvs) OCOF60
CALL WOLSC 11 H140L1390MOL oEMPO 9TAVE ,POPAVE, ScootALFCOR, ALF01) 060970

10 PSINT I0e 50058C
so PRINT 970, SUMP, 00 0590

T IWRDfauTZCqeVmY :"PNL. 0. 3C&64.J

PRINT ý12*, WOMVEIAV 000610C
"RWIND KFILE 01(0620
UfOF.0 00063C

55 P61141 '10, Kv!LF 00064.0
P61041 515, SECANT 000650
PRITNT 913, (NOLDWhIaf) WNOL 007
PRINT 94,00 f#VvVlt2 Qt06S0

60 FDVaV OCObSO
DWVsa DxWS/Oxfr) *V 000710
SOUNOuFLOAT INOUNWOV10W2 000720
BDUNVSNOOUWD/2. M0730

65 PRINT 94.2, SOUO#S0670
ALFMNSX BUOIND/FLOAT INWVS) 000750
NlouNs"9t.4001 000760
WHIUNLlo HF.NSHlIA' ceo0v7I

To s0 FMy10.. 3007%~
00 Go TuIMAYS 00 8.1

60 S010.. OL.0A1;

20~~Of goE!V 0630
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ýIHIS pAGE IS BEST QUALITY pICTABU

glwPib#7O TODA

SUBROUTINE "?CACL 74.114. OPyaI -rW 4604 LtW

I I WK(IqI),IviwOL),OvV*0VI,1006
SUF0OUTEIRFILIoi) 41MOMOLAYER)00IT

IF tU4.ITOKFIL!IdS0*g STOP 'gg- 8066es

VPTUVi-U.'SOUND 160944

VTC~wYf+5OUN0 Mcoto
C 110131

KICT *g.699i',avE 060154
N~S~t.IW)*ti.IKTSI) sause,

CALL ROLE e ? 9MOLIONNOL qTfHPgTAVf vPf0AVE, SCO49ALFCO6, AtFOL) .00970
00 as m'iN4Ot. 011.096

to Be tJI4)uwK 41 1*scoot M*SECANT @04&990
xcw~.q guses

SUNALPEl 60 10151

is so CONTINUE 0614164

1ee CONTINUE 0 u ., 6.1
C GLIOTO

CALL sFCONT4 (TINED) 40106ID

CALL ROFILE(CMUSALFACIS41490 3CI10O
CALL SEC.ONT' 17111W "Ollie

C 001130
109 ?IMEOP.N"Eod) GO TO 16.0 2kl 4.0

C 0,1190
r '400IFY L!NF DATA FOS 1E'4PEPATU~f,3PPSSU~t, AWO tOLUWN CENSITY OCII66
C 001100

n0 130 !uIL09THI Qt1160

IF 1!OT4Z.E0)CO TO VIC CCIZIC

ICHIDIC4KT.1 CC 1720
ALPISaLFAC (T)*ALFf'O3t1P) Of0I210
PR!IO4 104.5,vN()S!,~t0ILLO VC11150

ALPLeev cc 12ft

lit, If (ALFL*Lv*ALFI4AX) CC O 120 001260z

Ito PRINT 950v 6NU(T),SIt),ALiA0II),ALPLALPWAX,W Vi9
NAtpt4utLNNGli 0013u0

aL'LALR.15041310
ire CO~'PY' 0ttfQiM2

tUI4AL F' StIMAL F AL FL OCIM,

7F15 ECAN4I~uOT(I.E.1rpI)NAFCREAF) OCI1340

13C CONTMNE 0CI1110
if (wCH?4csTioMor go To ISO 0(,1380

130 1Ik0 CONTINUE 0 1 1390
C 0414100

CALL COVW(N,~"wSCL,~,7S,~,0.141i0
(~ EFXSEVS 014.20

C 0014.30
13% IMIPA4.!Lor.f0.) ro TO 100 0014k4.

C oi 14s.5
151' CALL PANEL ceSVPlL!os14e

CALL. hE'ONO ITMIW) 0014.80
:4. EANEL*KPAWL61 0614190

IF 41110P.Nfel) to TO 1ot0 001500
!K1P f1ti KPILE 001110

1601 efINT 144E 011
PRINT 66,~,T~pr?~~wIPL003C

jibs IF (IIftTeLE 01 Go TO 01V C194.0
AVILrauSUWALf/FL067 ITF4T) 001555
P"IN? .OAIFINTNMG011
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nil 8 pACZ IS BEST QUALITY flPA'01!IC"

C

"- #b 90"1964S) t 0

we #oot)AICWA 4111114)111166

115 SI wooswATIs MUNN' e:aur NO. .. 31) .01.1

141 FORPATI91 N(004-11 a. uaa6s' *e?104CE1 a * 11,210 V10s1eisvo
W1141 4O9ACIUC~UNpN3YWt1USCOt 014*
s ~ 1""IO1 s ,'ee psa I gas,,

I%S FPM~A1C' time I ox14, u $SIX 04 040 0 119CCW-1) U10.I' WIC' *X*Af It 00176

us? CPOITCIlot invtojSerVSICW. *F01 GGS~)PC??

sp acS1.3)001C

SUIROO.TINE COWVFNL 741711 0110.1 FTW 40,644,24 C3h11I7

C DV* V& 9 VPIL A IR 0(411S0

C040604 *41SUGILYpIN 21.0sINT 0401 VTO~P OFT IE0 t ,IML iSt,00*1DATA cc 1640

V.10 01!W'WRIO "L41) M0tCI~

CALL MrOND CII'4I) 0( 1920
%SIvvmfVVVDVOVS e11135
FVSNPLOIT t$NVSI #*DXVS 00R1"o

ro.m.owvSVIII-1. G~~

IF C1.067.I0421 GO TO %a 0014110
no 40181100111 o19se

35 JMINwu?IPI'CO'41*f

3q 6001100

no 30 jj.J"tISK"A 0621140

Im?V8*S ZRL0P[ 0011,10

?Is MYS~LOPt rls

I sall? 47S)' * . Citr211

!V(9qPCJJ)US14CfP) ,O!S(M'K ) GkVb

5 FO t ()5VJS I 0E PT 414IF I Ib W1lto
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1113 PAMS IS DU QUALITY PFAhCTICAML
MM "Y 1ta&Sli TO DPQ

SUROIUTZ~t COWFN4. 474 Ol I PT14 6%.6+146 a31h/re

ke MO~IMI at 2?. 70
IL Saelmw CFZ

c 1ATA.' F0'S W0'SE f1ATA 'S'OUU8ED *0 IDATAmi If' 140 MORE CATA RE0UIPED 0011990
56 PAWILeP)ATS calico

s0 V0 O Go Z3IO
so C@W1 XMK OC2320

IPAWIL8' 0 SC2330
AS ILOSTLAST61 CLEW38

SICILL MCOMf Ity#4I) O2350
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